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Investigation of Turbulent Flow and Heat © 


By R. G. DEISSLER 


Equations are derived for the prediction of radial ve- 
locity distributions for fully developed turbulent flow in 
smooth tubes both with and without heat transfer. The 
analysis results in an equation which represents both the 
conventional buffer layer and the laminar layer. In order 
to check the analysis and determine values for the con- 
stants appearing in the equations, tests were conducted 
to determine fully developed velocity distributions for 
air flowing without heat transfer in a smooth tube. The 
results are correlated by using conventional velocity and 
distance parameters, and agree closely with those of 
Nikuradse and other investigators. The analysis is ex- 
tended to include flow with heat transfer, and equations 
tor this case are obtained for Prandt! number of 1 in which 
the effects of the variation of fluid properties due to tem- 
perature variation across the tube were considered. By 
use of the equations for velocity and temperature dis- 
tributions, relations are also obtained among Nusselt 
number, Reynolds number, and friction factor for a fluid 
with a Prandt] number of 1 for the case where the varia- 
tion of fluid properties across the tube is large. The 
trends predicted analytically were found to be similar to 
those determined experimentally by measurement of 
average surface heat-transfer coefficients and friction 
factors of air flowing in tubes. 


NOMENCLATURE 


The following nomenclature is used inthe paper: 


c, = specific heat of fluid at constant pressure, (Btu /Ib- 
deg F) 
C, C; = constants of integration 
d = exponent the value for which depends on the variation of 
the viscosity of the fluid with temperature 
D = inside diameter of tube, ft 
e = base of natural logarithms : 
g = acceleration due to gravity (32.2 ft/sec*) ash 
h = heat-transfer coefficient (Btu/sec-ft*deg F) ' 
k = thermal conductivity of fluid (Btu-ft /sec-ft*deg F) 
ko.s, Kon = thermal conductivity of fluid evaluated at t+, 
to.s, respectively (Btu-ft/sec-ft*deg F) 
k, = thermal conductivity of fluid evaluated at t, (Btu- 
ft /sec-ft*deg F) 
K = von K4érmén constant 
n = constant 
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Including the 


= total rate of heat transfer toward tube center per unit 
area, Btu/(sec-ft?) 
total rate of heat transfer at wall toward tube center per 
unit area, Btu/(sec-ft*) 
radius, distance from tube axis, ft 
inside tube radius, ft 
absolute static temperature, deg R 
bulk or average static temperature of fluid at cross 
section of tube, deg R 
= 0.4 (4 —t,) + t,, film temperature, deg R 
= 0.5 (& —t,) + t,, film temperature, deg R 
.« = 0.6 (& —t,) + t,, film temperature, deg R 
= absolute wall temperature, deg R 
velocity parallel to axis of tube, fpe 
bulk or average velocity at cross section of tube, fps 
distance from tube wall, ft 
coefficient of eddy diffusivity for momentum, sq ft/sec 
coefficient of eddy diffusivity for heat, sq ft/sec 
mass density (Ib-sec*/ft*) 
mass density of fluid at wall (Ib-sec? /ft‘) 
bulk or average density at cross section of tube, (Ib- 
sec*/ft*) 
Po-s, = density of fluid evaluated at ts, los, toe, respec- 
tively, (Ib-sec?/ft*) 
uu = absolute viscosity of fluid, (Ib-sec /sq ft) 
, = absolute viscosity of fluid evaluated at t,, (Ib-sec/sq ft) 
Me = absolute viscosity of fluid at wall, (Ib-sec /sq ft) 
Mo.s, = absolute viscosity of fluid evaluated at 
to.s, respectively, (Ib-sec ft) 
7 = shear stress in fluid, psf 
T> = shear stress in the fluid at the wall, pef wee sey le 
Dimensionless groups: 
qo To/, 


= heat-transfer parameter 
Tob 


wal 


dz,, 


f= = — ——— = friction facto’ 


h= es = friction factor with density e evaluated at t, 
fo.s, fo-s, fo = friction factor with density evaluated at to4, tos, 
respectively 
Nu = hD/k = Nusselt number 
Nu, = hD/k, = Nusselt number with thermal conductivity 
evaluated at t, 
Nuo = Nusselt number with thermal! conductivity evaluated at t& 
Nuos, Nuo.s, Nuo = Nusselt number with thermal conductivity 
evaluated at to.4, to.s, to.s, respectively 
Pr = c,ug/k = Prandtl number 


= | 
py 
Pt 
: 
‘ail 
& 
~ 
Weg 
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Re, = pyu,D/w, = Reynolds number with density and vis- 
cosity evaluated at ¢, 

Reo = Reynolds number with density and viscosity evaluated 
at to 

Reo.4, Reo.s, Reos = Reynolds number with density and vis- 
cosity evaluated at to.s, to.s, respectively 


Vt Po 


Ho/ Po 
ts — be,gTo 1 t/by 

= Static temperature parameter 
qo V To Po 8 


t, 


ro = tube radius parameter 


) = static bulk temperature parameter 


velocity parameter 


po 
u 
u* =- bulk velocity parameter 
V1 Po 
« — V_To/Po 
y 
Po 


y = wall distance parameter 


INTRODUCTION 


For some time work has been in progre’s at the NACA Lewis 
Flight Propulsion Laboratory for investigating heat transfer 
and associated pressure-drop phenomena for fluid flow through 
tubes. Most of the work to date has been of an experimental 
nature and has been directed toward obtaining average heat- 
transfer coefficients and friction factors in tubes, In order to obtain 
a somewhat more fundamental knowledge of fluid flow and heat 
transfer in smooth tubes, the present analytical and experimental 
investigation from the standpoint of velocity and temperature 
distributions was undertaken. In the -present paper some 
of the results of this investigation are presented. 

The portion of the velocity distribution at a distance from the 
tube wall for fully developed turbulent flow without heat transfer 
has previously been represented satisfactorily by equations de- 
rived from the similarity theory of von Karman (1).? In the 
present investigation, a new equation which represents the re- 
gion close to the wall, that is, the laminar layer and the so-called 
buffer layer, is obtained by making certain reasonable assump- 
tions as to the nature of the mechanism for the turbulent trans- 
fer in the vicinity of the wall. For the region far from the wall, 
the von Kérman-Prandt! development is used. This develop- 
ment, as well as the development for flow close to a wall, is ex- 
tended to include flow with high rates of heat transfer for a fluid 
with a Prandtl number of 1. 


GeNERAL THEORY 


For obtaining the velocities and temperatures in the tube as 
functions of the distance from the wall, the differential equa- 
tions for shear stress and heat transfer are often written in the 
following form 


tT = udu/dy + pe du/dy 


q = —k dt/dy — pc, ge, dt/dy ..........[2) 


where € and €, are known as the coefficients of eddy diffusivity for 
momentum and heat transfer, the values for which are dependent 
upon the amount and kind of turbulent mixing at a point. 

In order to make practical use of Equation [1], it is necessary 
to evaluate the eddy diffusivity €, for each portion of the flow. 
For the region at a distance from the wall, von Karman has 


2 Numbers in parentheses refer to the Bibliography at the end of 
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shown (1) that the shear stress is given by 


(du/dy)* 
(d®u /dy*)*? 


where K? is a constant of proportionality determined experi- 
mentally. Comparison of this equation with Equation [1] and 
neglecting the viscous shear stress, because it is small except in 
the region close to the wall, gives for the eddy diffusivity at a dis- 
tance from the wall 


e = K? . [4] 
(d®u /dy*)* 
This equation indicates that €, or the mechanism for the turbu- 
lent transfer of momentum at a point away from the wall, can be 
considered to be dependent only on the derivatives of the ve- 
locity with respect to distance from the wall, that is, on the 


_ velocities in the vicinity of the point relative to the velocity at the 


point, and to be unaffected by the velocity relative to the wall 
or the distance from the wall. 

Although the effects of the velocity relative to the wall and the 
distance from the wall on the turbulence mechanism can be neg- 
lected for the region at a distance from the wall, it appears that 
they should be considered for the region close to the wall. It is, 
therefore, desirable to obtain an expression for € close to the wall 
which contains these factors, as well as the velocity derivatives. 
The experimental data available indicate that the turbulent 
transfer of momentum, and thus the turbulent shear stress 
pe du/dy, become very small in the region close to the wall, so 
that close to the wall the shear stress is practically all produced 
by viscous action, and the velocity u is very nearly a linear func- 
tion of y. Therefore it can be assumed that the second and pos- 
sibly higher-order derivatives approach the constant value zero in 
the vicinity of the wall, and that the first derivative approaches a 
constant which is defined when u and y are given. As a first ap- 
proximation € is therefore written as a function only of u and y. 
The range of values of » for which this approximation is suffi- 
cient will be determined experimentally. From dimensional 
analysis 


€ = 


where n? is a constant of proportionality to be determined ex- 
perimentally. Equation [5] gives the expression for € to be sub- 
stituted into Equation [1] for flow close to the wall. 


Ve EQUATIONS FOR INCOMPRESSIBLE FLow 
Wrrsovut Heat TRANSFER 


In order to obtain equations which are in dimensionless form, 
the conventional dimensionless quantities u* and y* are used. 
(These quantities are defined in the nomenclature. The sub- 
scripts 0 refer to values at the wall.) 

The differential equation for the velocity distribution close 
to a wall is obtained by substituting the expression for € from 
Equation [5] into Equation [1] 


= updu/dy + n*puy du/dy... 


Tn this equation rt can be replaced by 7) because the shear stress 
does not vary appreciably in the region close to the wall, and 
uw and p can be replaced by uo and po respectively, because they 
are constant across the tube for incompressible flow without 
heat transfer. On making these replacements and introducing 
u* and y*, Equation [6] becomes, in dimensionless form 


dy*/du* — ntu*y* 
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Solution of this equation yields, with the condition that u* 
when y* = 0 


1 —(nu*)? 
2 * 
d(nu*) 
1 V Jo 


y* = 


= 
n 


= 0 


V 


where the expression in the denominator is the normal error 
function of nu*, and the expression in the numerator is the in- 
tegral of the normal! error function, both of which are tabulated in 
mathematical tables. Equation [8] is the desired relationship 
between u* and y* for incompressible flow close to a wall with- 
out heat transfer. 

The relationship between u* and y* for incompressible flow 
without heat transfer for the region at a distance from the wall 
can be obtained by integration of Equation {3}. This integra- 
tion has been carried out by von Karman for the region close to a 
wall (effect of viscosity neglected) by assuming constant shear 
stress (1), and applied by Prandtl to the region far from the wall. 
Integration of Equation [3] yields the well-known logarithmic 
equation 


= (1/K) ny* + C..... 


where C is a constant of integration, the value for which is known 
when the ranges of applicability of equations for flow close to a 
wall and at a distance from a wall ate known. 


EXPERIMENTAL VERIFICATION OF VELOCITY-D1IsTRIBUTION 
EQUATIONS 


In order to obtain values for the constants n and K in the 
equations and to determine the range of values of y* for which 
each of the equations applies, experiments were conducted at the 
Lewis laboratory to determine velocity distributions for air flow- 
ing without heat transfer in a smooth tube having an inside 
diameter of 0.87 in. and a length of 87in. In order to insure fully 
developed flow, the tests were made near the exit of the tube at 
approximately 100 tube diam from the entrance. The veloc- 
ity distributions were obtained by measuring total pressure dis- 
tributions across the tube with a very small total head probe. 

Fig. 1, where u* is plotted against y* on semilogarithmic co- 
ordinates, shows the velocity-distribution data which were ob- 
tained, together with the equations which were derived. The 
data agree closely with those of Nikuradse (2), and of other in- 
vestigators, the maximum deviation being about 5 per cent. The 
Reynolds number in the tests varied between 10,000 and 200,000 
and the Mach number varied from a small value to 0.5. 
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The curve corresponding to the equation for incompressible 
flow close to a wall (Equation [8|) is plotted in the figure and is 
seen to be in good agreement with the experimental results for 
values of y* from zero to 26. The value of the constant n in the 
equation is 0.109 as determined from the experimental data. An 
important property of this equation is that for small values of 
y*, u* and y* are approximately equal, or in other words, the 
flow predicted by the equation is very nearly laminar. The 
equation thus obviates the necessity of assuming the existence of 
a separate layer near the wall which is purely laminar (but does 
not eliminate the possibility of its existence), as has generally 
been done in previous investigations. Therefore a single equa- 
tion has been obtained which adequately represents the two re- 
gions which are commonly called the “laminar layer” and “buffer 
layer.” 

The curve corresponding to the equation for flow at a distance 
from the wall (Equation [9}), which was obtained by von Kér- 
man, is also shown in the figure and is seen to be in good agree- 
ment with the data for values of y* greater than 26. The constant 
K was determined experimentally to be 0.36, and C was found 
from the equation for flow close to the wall, when evaluated at 
y* equals 26, to be 3.8. 

The slopes of the curves representing the equations for flow 


jclose to the wall and at a distance from the wall are not quite equal 


at their intersection at y* equals 26; this would, however, be ex- 
pected because the two equations were derived by assuming that 
different factors affect the turbulent transfer of momentum in the 
two regions, and hence an abrupt change in turbulence mecha- 
nism at the intersection is implied in the equations, Actu- 
ally, there is probably a gradual change, which could not be in- 
vestigated by the simplified methods used here. Inasmuch as 
the actual error in values of u* in the vicinity of the intersection 
is insignificant, the present treatment is considered adequate. 


Equations For Vevocity DistrispuTions ror FLrow Heat 
TRANSFER With VARIABLE FLUID Properties FoR A PRANDTL 
NuMBER OF ONE 


The equations derived in this section are intended to approxi- 
mate the effects of heat transfer on the velocity distributions of 
gases flowing in smooth tubes. The Prandtl] number is assumed 
not to vary with temperature and to be equal to 1. The effects 
of compressibility as caused by high subsonic velocities and of 
variation of shear stress across the tube are neglected, inasmuch 
as the effects of these factors on velocity distributions were shown 
(4) to be small. The equations derived are for fully developed 
velocity and temperature distributions. 

When heat transfer takes place in a gas flowing through a tube, 
a temperature gradient exists across the tube, and the gas prop- 
erties vary from point to point. The gas properties which vary 
with temperature and are important in the present investigation 
are the density p, the viscosity wu, the thermal conductivity k, and 
the specific heat at constant pressure c,. Of these, the variation 
with temperature of the specific heat is of a lower order of magni- 
tude than the variation with temperature of the other properties, 
so that, in the present analysis, the specific heat is considered to 
be constant with temperature. 

The equation for heat transfer (Equation [2!) can be rewritten 
as 


q/(e,g) = 


dt 
(u/Pr + pe) 


The following assumptions are made in the use of this equa- 
tion and Equation [1] for the developments for flow with heat 
transfer: 
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TRANSACTIONS 


1 The eddy diffusivities for momentum and heat transfer 
(e€ and &) are equal. Previous analysis for flow in tubes based 
upon this assumption yielded heat-transfer coefficients and fric- 
tion factors which agree with experiment (3). 

2 The expressions for eddy diffusivity (Equations [4] and 
[5]), which were found to apply to flow without heat transfer, 
apply also to flow with heat transfer with variable fluid proper- 
ties. 

3 The shear stress r and heat transfer g, can be considered 
uniform across the tube. It is shown elsewhere (4) that the shear 
stress can be considered with good approximation to be uniform 
across the tube for turbulent flow. Because the temperature 
and velocity profiles for a Prandt] number of 1 are known to have 
the same general shape, the heat transfer is also considered to 
be uniform across the tube and to be equal to the heat transfer 
at the wall. 

4 The static pressure can be considered constant across the 
tube. 


Dividing Equation [10] by Equation [1] and integrating be- : g 


tween the wall and a point in the fluid gives, for a Prandtl num- 
ber of 1 


qou 


To 


t/t = 1 — Bu* 


if. 
qo V 

bo 
From the perfect gas law, the density at any point across the tube is, 
with the assumption of constant static pressure across the tube 


= po/(1l — Bu*) 


The variation of the viscosity of a gas with temperature can be 
written as 


= (t/to)* 


= pe (1 — Bu®)*.......... 


For obtaining the equation for flow close to a smooth wall, 
these expressions for p and yu are substituted into Equation [6] 
(assumption 2), which, on the substitution of 7 for 7, becomes 
in dimensionless form 


dy*/du* — — Bu*) = (1— Bu)? 
— Busy # (1- aunt? 


Equation [16] gives, for flow close to a wall with heat transfer, the 
relation between u* and y* for various values of the heat-transfer 
parameter 

For obtaining the equation for flow at a distance from a wall, 
the expression for p from Equation [13] is substituted into Equa- 
tion [3]. 
du* = 0 whn y* 


integrating 


e 


= 0, since the velocity gradient near the wall 


is very large compared with that at a distance from the wallgives | 3 


V/1— + 1)..107) 


integrating twice and using the condition that dy*/ 
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where C, is a constant of integration, the value for which is known 
when the ranges of applicability of the equations for the two 
regions are known. Equation [17] gives the relation between u* 
and y* for various values of 8 for flow at a distance from a wall 
with heat transfer. 

Equations [16] and [17] are plotted in Fig. 2. The values for 
the constants (n = 0,109 and K = 0.36), which were found from 
the experimental! data for flow without heat transfer, are used for 
plotting the equations, The same limits of applicability for the 
equations for flow close to a wall and at a distance from a wall are 
used as were used for the equations for flow without heat trans- 
fer, that is, Equation [16] is taken to apply for 0 < y* < 26 
and Equation [17] for y* > 26. The exponent d was found from 
viscosity data to be approximately 0.68 for air and most common 


WHERE K:0.36 
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The plots of the equations in Fig. 2 indicate a flattening of the 
velocity profile in the central portion of the tube for heat addition 
(positive values of 8) and a peaking of the profile at the center 
of the tube for heat extraction (negative values of 8). These 
trends are opposite to those for laminar flow of a gas, the expla- 
nation being that for turbulent flow, the turbulent shear stress, 
which is governed by the density, is more important in the cen- 
tral portion of the tube than is the viscous shear stress. The 
variation with temperature of the density is opposite to that of 
viscosity, so that the changes in profile shape in the center of the 
tube for turbulent flow, caused by heat addition or extraction, are 
opposite to those for laminar flow. 

It should be mentioned here that the curves in Fig. 2 also give 
temperature distributions, as can be seen from Equation [12]. 
The equations for velocity distributions should be verified ex- 
perimentally inasmuch as they are based upon certain assump- 
tions. 


Nussect NumBer, ReyNotps NumpBer, AND Friction Factor 
ror A NumBer or One, Wira Vartasce Prop- 
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The bulk temperature is defined as 
tpu(ro — y) dy 


t, = re 
pu(ry — y) dy 


In dimensionless form this becomes 
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(ro* — y*) dy* 
(p/po)u* (ro* — y*) dy* 


where ro*, ¢*, and 4,* are defined in the nomenclature. Equation 
{12}, together with the definition of t*, indicates that ¢* and u* 
are equal for a Prandtl number of 1. Use of the perfect gas law 
— pressure) and substitution of the value of t/t from 
Equation [12] into Equation [19] gives 


(ro* — y*) 


i ; ‘\ ies the definitions of Nuo, h, Pr, ro*, 8, and t,*, the expression 
for the Nusselt number with the thermal conductivity based upon 
the wall temperature may be written as 


Nuo = 2 ro* Pr/t,* 


It is desired to obtain Nusselt numbers with the conductivity 
_ evaluated at temperatures other than the wall temperature, 
gay, the bulk temperature. For doing this, the ratio of bulk-to- 
wall static temperature can be obtained in dimensionless form 
_ from Equations [18] and [13] as 


ro* 
u* (ro* y*) dy* 


(ro* *— y*) dy* 
1 — Bu* 


_ With the assumptions of constant Prandt] number and constant 
‘specific heat, the law for the variation with temperature of the 
conductivity must be the same as the law for variation with tem- 
perature of the viscosity. Therefore the viscosity ratio may be 
replaced by the conductivity ratio in Equation (14]. The Nus- 
selt number with the conductivity evaluated at any temperature 

between the wall and bulk temperatures can then be found from 
the definition of Nusselt number and Equations [21], [22], and 
[14] with viscosities replaced by conductivities in the last equa- 
tion. The quantity t,* is obtained from Equation [20], and the 

_ relationship between u* and y* is obtained from the curves in 
2. 

Similarly, equations for Reynolds number and friction factor 

_ with properties based on the wall temperature are found to be 


[23] 


u*(ro* y*) dy* 


Reynolds numbers and friction factors with the density and vis- 
_ cosity in their definitions based on some other temperature may be 
_ obtained readily by use of Equations [22], [14], and the perfect 
gas law (constant pressure). For calculating values of Nusselt 
- number, Reynolds number, and friction factor, ro* is allowed to 

arbitrarily. 
Figs. 3, 4, and 5 show predicted Nusselt numbers plotted 
against Reynolds numbers for a — number of 1 for various 
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values of the heat-transfer parameter 8. In Fig. 3 the physical 
propertiesin the Nusselt number and Reynolds number are evalu- 
ated at the bulk temperature. It is seen that increasing posi- 
tive values of the heat-transfer parameter 8 cause a decrease in 
Nusselt number. Increasing values of 8 correspond, in general, to 
increasing values of the ratio of wall-to-bulk temperature t/t,; 
the curves shown correspond to a range of ratios of wall-to-bulk 
temperature of from 1 to about 7 for heating, and from 1 to 
about 0.4 for cooling. The same trends for heating have been 
observed experimentally in tests to determine average heat- 
transfer coefficients in tubes with a range of ratios of wall-to- 
bulk temperature of from 1 to about 3'/; (6, 7, 9, and 10). The 
dotted line in the figure represents the mean of experimental data 
for moderate and low temperature differences (11) and agrees, in 
general, with the predicted line for 8 = 0 for Reynolds numbers 
greater than 10,000. 

In Fig. 4 the Nusselt numbers and Reynolds numbers are 
plotted with the gas properties in bcth parameters evaluated at 
the average of the wall and bulk temperatures, ti... By use of 
this temperature for evaluating the fluid properties, the maxi- 
mum separation of the curves for both heating and cooling is re- 
duced to about 9 per cent. The separation of the curves can be 
eliminated for heating by evaluating the properties at a tempera- 
ture slightly closer to the bulk temperature designated by t., and 
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for cooling by evaluating them at a temperature slightly closer 
to the wall temperature, t.. (see nomenclature). 

Although the analysis in this paper was carried out for the case 
where the compressibility effects due to high velocities can be 
neglected, it is shown in reference (5) that the same correlations 
apply, in general, to flow at high velocities. For the latter case 
(except for very smal] temperature differences), it is necessary 
only to replace the static bulk temperature by the total bulk 
temperature in the definition of the heat-transfer coefficient h. 

Fig. 5 shows the predicted line for heating with the gas proper- 
ties evaluated at f.4 together with experimental data from refer- 
ence (10). The data points were calculated by evaluating the 
gas properties at the average of the wall and bulk temperatures; 
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substantially the same results are obtained if the properties are 
evaluated at t., for the range of ratios of wall-to-bulk tempera- 
ture used in the tests. The data, which were obtained for heat- 
ing air, were corrected to a Prandtl] number of 1 by dividing the 
Nusselt numbers by Pr®-*. The data are seen to agree substan- 
tially with the predicted line for heating for Reynolds number 
above 10,000. The deviation of the data from the predicted 
line at low Reynolds numbers is probably caused by transitional 
effects in the fluid flow which were not considered in the analy- 
sis. 

In the experimental work described in references (6, 7, 8, 9, 10), 
it was found that the effects of ratio of wall-to-bulk temperature 
on the Nusselt numbers were practically eliminated when the gas 
properties were evaluated at either the wall or the average of the 
wall and bulk temperatures. In the present analysis, however, 
where the maximum ratio of wall-to-bulk temperature is about 
twice that in the experimental work, separation of the curves was 
found when the properties were evaluated at the wall tempera- 
ture. It should be mentioned that the analytical and experi- 
mental results are not strictly comparable because the ana- 
lytical results are for local heat-transfer coefficients at a cross 
section in the tube, whereas the experimental results give average 
heat-transfer coefficients for a whole tube. 

Figs. 6 and 7 show predicted friction factors plotted against 
Reynolds numbers for various values of the heat-transfer parame- 
ter 8. The same trends and correlation are seen to hold for 
friction factors as held for Nusselt numbers. These trends have 
also been observed experimentally (7). The dotted line in Fig. 
6 represents the mean of experimental data for isothermal flow 
and is seen to agree substantially with the predicted line for 8B = 0 
for Reynolds numbers greater than 10,000. As in the case of 
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Nusselt numbers, the separation of the curves can be eliminated 
for heating by evaluating the gas properties in the friction factor 
and Reynolds number at t., and for cooling by evaluating them at 
bos. 


Summary oF Resutts 


In the present investigation of turbulent flow and heat trans- 
fer in smooth tubes, a new equation for the velocity distribution 
close to a smooth wall was obtained which represents both the 
laminar layer and the so-called buffer layer. 

The development for flow close to the wall, as well as the von 
K4érman development for flow at a distance from the wall were 
extended to include flow with heat transfer for a fluid with a 
Prandtl number of 1 for the case where the variation of fluid prop- 
erties due to temperature variation across the tube is appreciable. 
Nusselt numbers, Reynolds numbers, and friction factors were 
obtained and it was found that the effect of variable fluid prop- 
erties on the Nusselt number and friction-factor correlations for 
both heating and cooling can be eliminated by evaluating the 
fluid properties in the Nusselt numbers, Reynolds numbers, and | 
friction factors at a temperature close to the average of the wall 
and bulk temperatures. The predicted results for heating agree 
with experimental results for heat transfer to air. 
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New Technique for Obtaining Heat-Transfer 
Parameters of the Wall and Combustion 
Gas in a Rocket Motor 


By M. E. ELLION,' PASADENA, CALIF. 


The design of regeneratively cooled rocket motors has 
been hindered seriously by the lack of available data for 
the physical properties of both the propellants and alloys 
used in rocket-motor construction. Bell Aircraft has 
initiated a program to extend the accuracy and range of 
available data together with an attempt to broaden the 
fundamental basis for generalizing the heat-transfer an- 
alysis. The program includes a laboratory-test study of 
the heat transfer through liquid-coolant film, combus- 
tion-gas film, and rocket-motor wall. This paper is pri- 
marily concerned with the heat transfer through the 
rocket wall. A test method is discussed for obtaining gas 
side wall temperatures in a rocket motor in order to 
evaluate the suitability of various alloys for rocket-motor 
construction. Eight alloys have been studied by em- 
ploying a thick-walled water-cooled nozzle into which 
cylindrical specimens could be inserted for tests. The 
heat flows and wall temperatures have been determined 
by employing the nozzle as a heat meter and by using a 
new calculation method that accounts for variable ther- 
mal properties with temperature. The thermal con- 
ductivities of all alloys tested have been determined ac- 
curately by the Institute of Research, Lehigh University. 
A modification of this technique is suggested for measur- 
ing the combustion-gas film coefficient in a rocket motor. 


NOMENCLATURE 
following nomenclature is used inthe paper: 


area perpendicular to heat flow, sq ft 

a const 

film heat-transfer coefficient (Btu/ft*-hr-deg F) 
thermal conductivity (Btu/ft®-sec-deg F /in.) 
dimension in direction of heat flow 
Nusselt number 

Prandtl number 

heat flow per unit time (Btu per sec) Ph 
radius, in. 
temperature, deg F 
dimension in direction of heat flow, in. Pere 


finite increment 


1 Jet Propulsion Laboratory, Calitornia Institute of Technology, 
formerly Bell Aircraft Corporation, Buffalo, N. ¥ 

Contributed by the Heat Transfer Division and presented at 
the Heat Transfer and Fluid Mechanics Institute Meeting, Los 
Angeles, Calif., June 28-30, 1950, of Taz American Society or 
MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters on 
August 14, 1950. 


> = finite summation 


¢ = function of what follows 
Subscripts 
g = gas 
i = surface through which heat enters system, i.e., for 
specimen it indicates gas interface, and for copper 
nozzle it indicates specimen-copper interface. 
o = surface through which heat leaves system 


INTRODUCTION 


fOne of the more complex calculations involved in liquid-pro- 
pellant rocket-motor design is the analysis of the cooling require- 
ments. Regenerative cooling is the most direct design approach, 
but the analysis remains mainly empirical because of the lack of 
complete data for the physical properties of both the propellants 
and the alloys used in motor construction. Combustion pressures 
of 20 atm and temperatures of the order of 5000 F are required 
for good performance; heat fluxes up to 7.0 (Btu/in*sec) 
are required for cooling; and gas velocities of sonic and above 
occur at the throat and divergent sections of the motor. As a 
consequence, the heat-transfer coefficients for the liquid coolant, 
metal wall, and combustion gas may be of the same order of 
magnitude. The four parameters which define these three types 
of heat transfer; Az (liquid film), K, and allowable 7; (meta! 
wall), and h, (gas film), must be determined before the analysis 
may be reduced to an analytical solution. 

In view of the lack of basic information, a test program has 
been initiated at Bell Aircraft to extend the accuracy and range 
of available data, together with an attempt to broaden the 
fundamental basis for generalizing the cooling design. 

This paper will present an insight into this test program along 
with a detailed description of the heat transfer through the 
metal wall. 


Test ProGRaM 


Liquid Film Coefficient (h,). Since little is known of the 
physical properties of rocket propellants, it is seldom possible to 
employ the conventional equation, Nu = C(Re)%(Pr)*, to obtain 
the liquid film coefficient. Furthermore, the extremely high 
velocities needed to cool the rocket throat section by forced con- 
vection alone would cause prohibitively high pressure drops and 
manufacturing difficulties. The required liquid velocity may be 
reduced appreciably by taking advantage of the high heat flux 
obtainable with surface or nucleate boiling. At present there is 
ne general equation that correlates nucleate-boiling heat trans* 
fer successfully. 

Fig. 1 shows an apparatus suitable for determining the liquid 
film coefficient up through the nucleate-boiling region (1).2 The 
test fluid is passed through an annulus formed by an electrically 
heated stainless-steel tube and a stainless-steel case. The 
direct-current power supplied to the tube, the flow rate, fluid 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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pressure, and temperatures of the fluid and tube are measured. 
The liquid-film coefficient may be calculated from these values. 
The effects of varying fluid pressure, temperature, and velocity 
along with tube temperature may be studied. Heat fluxes to 
white fuming nitric acid up to 5.5 (Btu/in.? sec) have been 
measured with this unit at Bell Aircraft. 

Thermal Conductivity, K (2). The heat flow by conduction 
through the rocket-motor wall may be obtained easily if accurate 
values of thermal conductivity are available. Since the tem- 
perature difference through the wall often exceeds 1000 deg F, 
it also becomes necessary to consider the variation of thermal 
conductivity with temperature. 

Bell Aircraft has subcontracted to the Institute of Research, 
Lehigh University, for the measuring of thermal conductivities, 
employing a modification of the Forbes bar method adapted to 
high temperatures. Table 1 shows the results obtained to date. 


TABLE 1 


Temp, 


THERMAL CONDUCTIVITY, 


Type Type Type 
310 316 347 
0.05 ip 0 
0.039 0 
0 0 
0 0 
0.08 0 
0 i 0 
36 0 
0. 


CAL/CM-SEC DEG C 


A Inconel 
Nickel 


cocecece 


089 


Allowable Wall Temperature (T;). It is necessary to know the 
temperature at which an alloy exposed to the combustion gases 
will break down due to melting, plastic flow, or oxidation. The 
oxidation, plastic flow, or erosion temperatures will be a func- 
tion not only of alloy properties, but also of the composition and 
velocity of the combustion gases. It is clear that such an answer 
will not yield to a purely analytical solution. As a result, a 
test program was initiated in January, 1949, to test, under actual 
rocket conditions, the suitability of alloys for rocket-nozzle con- 
struction. The determination of maximum safe wall tempera- 
ture had been impossible heretofore because of the difficulty of 
measuring the wall temperature next to the combustion gases, 
but a logical solution to the problem presented itself with the 
availability of accurate thermal-conductivity data. 


i Heat TRANSFER IN Rocket WALL 


_ Method of Determining Heat Flow and Temperature (4). The 
Fourier law of heat conduction would readily yield a solution for 
steady-state unidirectional heat flow were it not for the variation 
of thermal conductivity with temperature. While it is always 


Fitm-Coerricient Test Apparatus 
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possible to express the conductivity-temperature relation with 
the series 


bal es m sath Akt 


and solve the Fourier equation analytically,’ it was believed that 
the solution would be obtained more readily by graphical methods. 
It will be seen that this is the case, since only one curve is needed 
to represent the Fourier equation for any alloy regardless of heat 
flow, temperature, or geometry of the system. 

The general equation for steady-state unidirectional heat flow 
may be written as 
dn = - 
aa 


or, since (dq)/(da,) is a constant for any given system 


dq da, 
-dn = 
da, da 


where n is the dimension in the direction of heat flow, and a; is : 
the area of the surface through which heat enters the system. 

Equation [2] suggests a family of curves of tempcrature versus 
(dq)/(da;) J” (da;)/(da) dn. However, we may note upon dif- 
ferentiating Equation [2] 


di 
da ‘ da 


that the slopes of the curves are a function of temperature alone, 
that is, all curves may be represented by one, if the abscissa scale 
is shifted to fulfill boundary conditions. 

It is now clear that a curve of temperature versus (dq)/(da,) 
Pi (da;)/(da) dn is independent of the geometry, temperature, 
or heat flow of the system and, consequently, becomes a general 
curve for the given alloy. 

Either Equation [2] or [3] may be used for construction. 

Fig. 4 shows such a curve for Armco iron. The maximum 
temperature of interest with this metal is 1650 F, so this was 
chosen as the ordinate intercept. Points on the curve were ob- 
tained by measuring the area under the K versus 7 curve from | 
T; = 1650 to T. The value of the abscissa at any point on the - 
general curve is this area and the ordinate value is T. An 


* Reference (5) illustrates an analytical solution for a linear varia-_ 
tion of conductivity with temperature. 
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: - equivalent effect of sliding the abscissa is obtained by treating 
_ it only as a difference scale. 


The abscissa for standard shapes becomes 
Slab 


a = a, and independent of n 
n=2 


Cylinder 


Ley 


The curve may be plotted at about 45 deg slope for conven- 
ience. This is easily accomplished by choosing the abscissa 
scale factor (Btu-in/ft*sec per unit) equal to an average K times 
the ordinate scale factor (deg F per unit). 

It is noted that the validity and simplicity of this method hold 
for any conductivity variation with temperature. The accuracy 
of the curve is the same as that of the conductivity data. 

Description of Apparatus: Sixz-Pass Motor (6). Fig. 2 illus- 
trates the six-pass rocket, which was the first attempt made at 
Bell Aircraft to measure both heat flows and wall temperatures. 
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=> “Ste copper nozzle is used as a heat meter. 
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Shroud-block halves (in place) 

Thermocouple-outlet plug 

Combustion chamber 

Nozzle 

Cooling jacket 

Head-mounting flange 
Mixing baffles Injector head 


Fie. 2) Stx-Pass Rocker Motor 


The coolant was divided into six passages perpendicular to the 
motor axis so that the enthalpy increase at each station could be 
recorded. Thermocouples were copperplated to the wall next 
to the coolant to allow gas side wall temperatures to be calcu- 
lated. 

This apparatus was built (at considerable expense) and tested, 
but the inaccuracies experienced were sufficient to discourage 
detail testing. 

Material Test Motor (7). With the availability of reliable 
thermal-conductivity data and the temperature versus 
(g/a; J” (da;)/(da) dn] curves, a different approach to the prob- 
lem was possible. 

Fig. 3 shows a cross section of a thick-walled water-cooled 
copper nozzle into which cylindrical specimens can be inserted 
for test. This arrangement allows both heat flows and gas 
side wall temperatures to be determined. 
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Rockxet-Mortor Nozzve ror Matera Test 


Nine thermo- 
couples arranged in three radial groups were inserted into the 
copper parallel to the nozzle axis, and the outputs continuously 
recorded on nine Leeds and Northrup Speedomax recorders. 
Any two thermocouples along a radius are sufficient to establish 
heat flow and thus temperature at any point along the radius. 

As an illustration that two thermocouples are sufficient to es- 
tablish heat flux and thus temperature at any radius, consider 
Fig. 4 for an Armco-iron cylinder. For the example, let the 
two thermocouples located at r; = 1.000 in. and r,; = 1.081 in. 
indicate 1300 F and 800 F, respectively. The value of (¢/a,)r; 
loge(r2/r;) is read from the curve as 59—20 = 39 and thus 

39 


— = 1000 Btu/ft*see 
r, lo 

with r, = ‘/2in. The temperature at any other point, e.g., nm = 
1.203, may be obtained at an abscissa value of 


loge = 53.5 
a; 
— Ts, giving 7; = 300 F. It is seen that the solution using 
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the curve follows closely the conventional analytical method em- 
ploying constant conductivity. 
SYMBOLS: 


q-HEAT FLUX (BTU/SEC) 

@-AREA PERPENDICULAR TO HEAT FLOW(SQ. FT) 


- RADIUS OF CYLINDER OR SPHERE (INCHES) 
] ¥~ DIMENSION IN DIRECTION OF HEAT 
160 FLOW (INCHES) 
oot\ ABSCISSA VALUES: 
SLAB (x-%,) 
2 
800 
a 
= 
600 
> 80 120140 160 


100 
J Btu-in 
Fic. 4 Temperature Distraipution Curve Turoven a Fiat 
Stas, Cyruinper orn SpHerE With A 
Function oF TEMPERATURE 
(Material-Armco ingot iron.) 


In order to pick up any heat-flux variation around the circum- 
ference of the copper nozzle, three groups of thermocouples were 
inserted with an additional thermocouple in each group as a 
check, 

The thermocouples were 0.008-in. Advance wire with the 
copper nozzle acting as the other junction metal. It is apparent 
that the diameter of the thermocouple was of importance, since 
a radial temperature gradient of over 1000 deg F per in. existed 
in the copper. The Advance wire was insulated from the nozzle 
except for a */:s-in. junction, so that the temperature gradient 
along the axis had little effect. 

The gas side wall temperature of the specimen was varied by 


TABLE 2 TEST SPECIMENS 
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Recommended 
maximum 
a rust, pressure, — thickness. mperature, 
Alloy Btu/ ft? sec F psi in. Remarks deg F 
Armco iron x 700 1260 176 0.849 250 ‘0 0.10 Heavy oxidation 
— 1320 191 880 295 60 0.10 Heavy oxidation 1350 
j _ 760 1390 175 0.614 246 50 0.10 Some loss of me 
Type 1010 7 720 1110 178 0.949 268 40 0.10 Light oxidation 
ww id 900 400 217 0.854 321 30 0.10 Heavy oxidation 1570 
1 930 1460 235 0.865 347 30 0.10 Heavy oxidation 
in 1063 1570 194 0.805 290 30 0.10 Little erosion 
Type 347 Satie 875 1900 230 0.673 330 60 0.10 Light oxidation 
758 2400 244 0.960 330 30 0.20 Heavy localized erosion and 2200 
loss of metal 
Type 446 ~~ 560 171 0.90 330 44 0.15 Light oxidation 
545 1450 171 0.90 330 44 0.15 Light oxidation 1900 
717 1875 200 0.825 375 50 0.15 Very close to failure 
Type 310 557 1792 160 bes 308 26 0.15 Light oxidation 1900 
685 2000 177 aan 330 40 0.15 Heavy erosion 
Aluminum Type 995 770 202 0.934 27 40 0.10 Little effect 
/1S-T 860 800 174 0.894 246 30 0.10 Little effect 
928 838 190 0.904 267 30 0.10 Little effect 
958 867 202 0.934 278 35 0.10 Some erosion 
1100 1000 200 0.704 280 60 0.10 Heavy loss of metal 
Nickel Type “A” 1010 1560 214 0.793 290 75 0.10 No effect 
1150 1720 204 0.753 280 75 0.10 Light oxidation 7 =| Test to be 
1110 2110 255 0.823 375 91 0.20 Light oxidation a completed 
1150 2200 250 0.940 370 82 0.20 Light oxidation s a (Above 2200) 
Inconel “X"’ 570 1470 197 0.905 278 60 0.10 Light oxidation ae 
640 1580 207 0.925 295 40 0.10 Light oxidation 1700 
680 1640 216 1.010 307 40 0.10 Heavy oxidation 
780 1800 229 1.010 328 40 0.10 Moderate erosion 
Copper 1300 920 ) 0.534 283 45 Motor not designed for this 
1380 970 0.483 280 80 material to fai 
1470 1040 0 916 337 64 


changing combustion-gas pressure and temperature. Since the 
combustion-gas pressure was limited to about 350 psia, the speci- 
mens were made of different thicknesses to allow failure, Table 2. 
The thickness required to cause any alloy to fail, of course de- 
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pended upon the conductivity and allowable wall temperature. 

The rocket-motor combustion chamber was made conserva- 
tively long to insure complete combustion. The specimen was 
located at the throat and thus it was subjected to the most 
severe heat-transfer conditions to be encountered in the rocket 
motor. 

Results of Tests. The initial runs with a liquid oxygen-alcohol 


motor indicated that some care was needed to insure reliable re- 
sults. Fig. 5 presents values for a preliminary test with “A” 


nickel as the test specimen. It is seen that the temperature and 
heat flow varied appreciably both with time and with circum- 
ferential position. 

The nickel specimen was slipped into the copper nozzle, de- 
pending on thermal expansion for good thermal contact. Micro- 
graphic inspection of the nickel after testing indicated tempera- _ 
tures appreciably higher than the calculated values. The error 


was attributed in part to the large unknown value of thermal | 


resistance at the interface between the specimen and the copper 
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nozzle. This difficulty was corrected by silver-soldering the 
specimens into the copper. Variations in circumferential gas 
conditions were improved by increasing the length of the com- 
bustion chamber, and temperature fluctuations with time were 
_ decreased by insulating the thermocouple reference junctions 
from the effects of combustion-gas exhaust. 

Fig. 6 shows temperature-time traces for three radial thermo- 
couples with a copper specimen after the foregoing modifications 
were made. The variation in temperature during the run is less 
than 2 per cent, confirming the validity of employing a steady- 
state analysis. 

Table 2 lists the results obtained for seven alloys tested. The 
heat flux (¢/a,;) and wall temperature (7';) at the combustion- 
gas specimen interface were calculated from the nine thermo- 
couple readings and curves similar to Fig. 4. From this it was 
possible to pick a recommended allowable wall temperature 
above which loss of metal from the test specimen occurred due to 
melting, erosion, or plastic flow. Heat flux and wall temperatures 
are probably within 3 per cent of the true values. The choice 
of the most suitable alloy for rocket-motor construction depends 
on several factors in addition to the allowable inside wal] tem- 
peratures. The strength, density, and thermal conductivity of 
the alloy along with the corrosiveness and physical properties of 
the coolant are equally important. It is beyond the scope of 
this paper to discuss these factors in more than a general manner 
(3). 

It should suffice to point out that a superficial comparison of 
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the alloys would probably indicate that the most suitable was 
the one having the highest allowable wall temperature and, con- 
sequently, the lowest required heat flux. However, the high- 
temperature alloys, in general, have the lowest thermal conduc- 
tivity. Thus, for the high-temperature low-conductivity alloys, 
the temperature drop through the wall may cause the coolant 
wall temperature to be too low for proper cooling even for the 
low heat flux. This is especially true of motors that require 
thick walls for structural stability, and thus conductivity for 
these motors may be of greater importance than high allowable 
wall temperatures. 

In this case it may be advantageous to employ a 
high-conductivity alloy clad with a high-temperature alloy, 
chromized low-carbon steel, or other methods of combining 
high allowable temperature with high conductivity. An alterna- 
tive is to decrease wall thickness and employ the strength of the 
coola.t jacket to obtain structural stability. 


Gas Corrricrent (h,) 


The heat-meter method may be extended to measure effective 
gas temperature and over-all gas-film coefficient. Fig. 7 shows 
a compact device which is inserted through the wall of the rocket 
motor to measure these quantities. The hot combustion gas 
flows across the uninsulated tips of the two alloys A and B. 
Consequently, heat is drawn from the gas along the alloys into the 
coolant chamber of the probe. Two thermocouples located at 
known distances along each of the alloys allow heat flux (¢/a,) 
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and tip temperatures (7';) at the combustion-gas interface to be 
calculated from curves similar to Fig. 4. The Newton law of 
cooling 


ASME 


(),-(2), 


(T; re — (T; 


= A(T, — T,) 


me (5) 
(T sa — (T,)re 
apphed at the gas interface for the two alloys may be solved 
simultaneously to obtain gas-film coefficient and effective gas 
temperature, since these two values are the same for both i 
alloys. The heat flux and tip temperature for each alloy will be a ; : ’ eed 
appreciably different if of ‘aufficiently different thermal T, (theoretical) = 4300 F 
conductivity are chosen. The design may be modified by con- The discrepancy between calculated effective gas temperature 
structing two radiation shields. and theoretical temperature may be attributed to variation in the 
combustion-gas conditions between the two runs. 
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Photographic of Heat 
Transfer to Water With Forced Convection 


By F. C. GUNTHER,? 


To investigate the effect of forced convection on the me- 
chanism of heat transfer with surface boiling, a high- 
speed, high-resolution photographic study was made. 
The test section was a transparent channel of rectan- 
gular cross section */ X '/: X 6 in., with an electrically 
heated metal strip '/; in. wide suspended lengthwise to 
divide the channel into two flow passages. To facilitate 
photography of boiling on the metal strip near burnout 
conditions, the burnout limits for this section were deter- 
mined experimentally. An empirical equation was fitted 
to the points. 


INTRODUCTION 


O investigate the effect of forced convection on the mecha- 

nism of heat transfer with surface boiling, a high-speed 

high-resolution photographic study is being made. The 
test section used was a transparent channel of rectangular 
cross section */ X '/: X 6 in., with an electrically heated metal 
strip, '/s in. wide, suspended lengthwise to divide the channel into 
two flow passages. To facilitate photography of boiling on the 
metal strip near burnout conditions, the burnout limits for this 
section were determined experimentally. The empirical equa- 
tion which was devised to fit the results of 38 determinations of 
burnout heat-transfer rate is 


(q/A)eurnout = 0.0135V%5 AT 


where g/A = burnout heat flux (Btu/sq in. sec); V = fluid ve- 
locity, fps; and AT,., = subcooling = Tysturation — Tiiquias 
deg F; Tiquia = mixed outlet temperature. 

The photographic results indicate that the coolant velocity 
does not detach vapor bubbles from the heating surface at large 
subcooling. The attached bubbles slide downstream during 
growth and collapse, producing turbulence in the sublayer from 
the translational motion of the bubbies in addition to that re- 
sulting from their growth and collapse action. The effect of an 
increase in stream velocity or subcooling is to reduce bubble size 
and life span. An increase of heat-transfer rate causes bubble 
population to increase up to a limit where bubbles coalesce to 
vapor clumps, Fig. 1. Bubble coalescence signifies incipient 
film boiling and burnout, as indicated by the fact that Fig. 1 
was photographed within 10 per cent of the maximum burnout 
heat flux. Quantitative data relating bubble size, population, 
and frequency to the heat-transfer conditions are presented. 


1 This paper presents the results of one phase of research carried 
out at the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under U. 8. Army Ordnance Department Contract No. 
W-04-200-OR D-455. 

? Jet Propulsion Laboratory, California Institute of Technology. 

Contributed by the Heat Transfer Division and presented at the 
Heat Transfer and Fluid Mechanics Institute Meeting, Los Angeles, 
Calif., June 28-30, 1950, of Taz American Society or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 14, 1950. 


> 


PASADENA, CALIF 


Fic. 1 
Warer I 


APPARATUS AND EXPERIMENTAL Meruop 


STREAM OF 
aT-TRANSFER 


Rate or 13 Bru /Sq iy. Sec 


Heat-Transfer Apparatus. The burnout test section consisted 
of a channel of rectangular cross section */\ in. wide and 1/; 
in. high. An electrically heated metal strip '/s in. wide and 
0.004 in. thick was suspended axially in the channel mid-plane 
dividing the channel into two equal flow passages. The upper 
and lower passages were not separated completely, since 4/g-in. 
clearance at each edge of the heating strip was necessary to pre- 
vent damage to the glass channel walls by thermal shock during 
burnouts, Fig. 2(a). Therefore, in both the upper and the lower 
flow passages, the objective of two-dimensional flow between 
parallel plane walls, one cold and one heated, was only approxi- 
mated. The use of a wider metal strip in a wide channel, to im- 
prove the approximation of two-dimensional flow, would have re- 
stricted maximum flow velocity and heat-transfer rates because of 
limitations in the available pumping system and supply of current 
for direct-current heating. It is believed that the verys mall-scale 
boiling phenomenon was not modified appreciably by exchange 
flow around the strip edges or by side-wall boundary layer. A 
second apparatus, with a transparent flow channel '/, in. square 
in cross section, divided by a heating strip */ in. wide, Fig. 
2(b), was used for photographic tests. 

Distilled water was circulated through the test section from the 
stainless-steel] flow system sketched in Fig. 3. Prior to each 
test, the system was degassed by aspirating the degassing tank 
to a pressure of 3 in. of mercury, absolute, while water was cir- 
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culated for about '/; hr with heat addition to boil off a portion 
of the water. Next, the system was isolated from the degassing 
tank, and compressed nitrogen was applied to the accumulator 
diaphragm to establish the desired pressure level for the test. 
This procedure reduced the concentration of dissolved air to 
about 0.3 ce per liter, as determined by the chemistry section of 
this laboratory. Since air-bubble release at the heating surface 
was absent in photographs taken with less rigorous degassing, it 
was found sufficient to degas until visible bubbles in the low-pres- 
sure wake of the rotameter float disappeared. No effect of dis- 
solved-air content on the burnout limit has been detected. 

To test for burnout limits, the flow velocity and static pressure 
level in the test section were fixed. Since burnout occurred con- 
sistently near the outlet end of the heating strip, where sub- 
cooling was minimum, outlet mixed bulk temperature was taken 
as the pertinent liquid temperature 7',. The heating-current in- 
put was increased carefully by compressing a carbon-pile resistor 
in series with the field of a 12-kw d-c generator. Current was 
read visually by two operators on a '/, per cent millivoltmeter 
paralleled with a shunt of '/, per cent accuracy. From the 
known (by calibration) resistivity of the heating strip as a fune- 
tion of temverature, burnout heat-transfer rate was computed 
from the maximum current reading by the equation a. 


I*pl 


10554 current flow Abeat transfer 


q/A = 


where J = current (amp), p = electrical resistivity (ohm in.), 1 = 
length (in.), and A = area for current flow (sq in.); Apest transfer 
included the wetted edges as well as top and bottom surfaces of 
the heating strip. 


ras 
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by W. M. McAdams, et al., Industrial and Engineering Chemistry, 
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As a check on this measurement of heat-transfer rate, voltage- 
tap needles were inserted through the flowing stream to contact 
the heating strip at a fixed spacing. Wattage input measured 
by volt-amperes was in close agreement with that computed from 
I? and resistivity in check tests up to a heat flux of 7 Btu/sq in. 
sec. 

Heating-surface temperature was not measured, since addi- 


_ tional or more precise information on surface temperature during 


surface boiling** was considered of importance secondary to 


securing photographic data and information on burnout limits. 


Photography. As in the photographic study of surface boiling 
in a pool,’ the Kerr-cell, electro-optical shutter was used in con- 
junction with the General Radio 35-mm shutterless camera. 
Since a large improvement in photographic resolution was neces- 
sary in order to study the much smaller bubbles encountered in 
forced convective surface boiling, a considerable amount of trial- 
and-error work was performed. The end result was the ar- 
rangement shown in Fig. 4. About 60 rolls of 35-mm film, in 
100-ft lengths, were used for preliminary and data-taking tests 
in this study. 


E NO. 22 
FLASHBULB 


GR CAMERA 
POL AROIDS 
Fic.4 Camera Setup 


To obtain a photograph, the desired boiling condition was 
established in the channel. By depressing a hand switch, relays 
applied 220 volts to the camera drive and initiated an electronic 
timer. After a 1.2-see interval for camera acceleration, the 
timer triggered two parallel relays which fired the photoflash 
bulb and the power supply feeding 14,000-volt pulses to the Kerr 
cell at a preset pulse length and frequency. The power supply’ 
was able to sustain Kerr-cell pulses for about 0.05 sec. As a! 
result, only 5 ft of exposed film was obtained after an 85-ft film 
acceleration. By reversing the film in the camera, an additional 
photograph was obtained on the other end of each film. With 
the image magnified 5 diam on the negative, flashbulb illumina- 
tion was sufficient for exposures of 2 microsec. To prevent 
image overlap at the shuttering rate of 20,000 frames per sec, it 
was necessary to mask the image with a focal plane slit of 0.072 
in. The field of view at magnification 5 measured 0.014 X 
0.100 in. 

Photographs with the camera axis normal to the heating sur- 
face were necessary in determining bubble population and size. 
Because sufficient lighting could not be obtained to illuminate 
bubbles by reflection from the vapor-liquid interfaces, it was 
necessary to incline the lens axis 20 deg from perpendicular and 
photograph the direct reflection of flashbulb light from the pol- 


* “Heat Transfer to Water at High Flux Densities With and With- 
out Surface Boiling,” by Frank Kreith and M. Summerfield, Trans. 
ASME, vol. 71, 1949, pp. 805-816. 

‘Heat Transfer at High Rates to Water With Surface Boiling,” 


vol. 41, 1949, pp. 1945-1953. 

5 “Photographic Study of Bubble Formation in Heat Transfer to 
Subcooled Water,” by F. C. Gunther and Frank Kreith, Heat Trans- 
fer and Fluid Mechanics Institute, Berkeley, Calif., published by 
Tre American Socrety oF Mechanica Enotneers, New York, 
N. Y., May, 1949, pp. 113-126. 
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Fie. 5 Burnout Rate Versus SuBCOOLING 


ished heating surface. Bubbles were thus outlined by their 
_ interruption of reflection from the metal surface, as shown in 


Fig. 1, giving resolution of bubbles as small as 0.002 in. in radius, 


EXPERIMENTAL RESULTS 


Burnout Limits. The 38 determinations of burnout limit in 
the photographie test section were first plotted with the two 
burnout correlations which McAdams‘ devised to fit data from 
nine burnout tests, ranging in heat transfer from 1 to 3.9 Btu/sq 
in. sec, and made in an annulus. Since the author's data at 
higher heat flux ranged up to 100 per cent above the extrapolated 

_ Me Adams predictions and deviated in systematic velocity groups, 

the 38 points were replotted as (q/A)purncu Versus A7,,, on 
linear paper, Fig. 5. The most satisfactory fit which could be 
expressed as a simple equation was obtained by drawing straight 
lines of constant velocity radiating from zero. Division by V*%* 
caused the best superposition of all data, expressible by the equa- 
tion 


= 0.0135V'*-5 AT 


In Fig. 6 the experimental points from Table 1 are plotted for 
- comparison with Equation [1]. When the effect on burnout limit 
of flow-duct configuration, liquid properties, and other variables 
is clarified by future experiment, an effort can be made to gen- 
eralize Equation [1] to dimensionless form. 

Photographic Results. Profile photographs of surface boiling 
at large subcocling show that bubbles roughly hemispherical in 
shape grow and collapse while remaining attached to the heating 
surface, simultaneously sliding downstream under the influence 
of coolant velocity. Fig. 7, a typical print from a sequence of 
20,000 frames per sec, demonstrates this lack of bubble detach- 
For profile photographs the camera axis, although normal 


heating surface; the bright zone in each frame is thus the upper 
“4 surface of the heating strip near the far edge. Each bubble casts 
Deformation of bubbles from 
hemispherical to teardrop shape is visible at this stream velocity 
of 20 fps. The sliding velocity of bubbles was approximately 
8/1) of stream velocity, increasing slightly with bubble size. 


Kerr-cell photographs from the plan view (camera axis 20 deg 
from normal to the heating surface) were taken at high repeti- 
tion rate at each heat-transfer condition in order to permit meas- 
urement of the following bubble parameters: 

Rwax = radius at full growth of the “average” bubble at the 
heat-transfer condition. The radius-versus-time relation was 
measured for several bubbles, from 100-diam projection of the 
negatives, and plotted as in Figs. 8 to 10, inclusive. By refer- 
ence to these plots and visual examination of the entire se- 
quence on the negative, an average Rmax was estimated. The 
restricted field of view and length of each photographic sequence 
made statistical determinations of average Rmax impossible. 

6 = lifetime of an average bubble associated with the heat- 
transfer condition. As in the case of Rmax, 8 was also estimated 
from radius-versus-time curves in conjunction with examination 
of the negative. 

N = number of new bubbles of average size appearing on unit 
area per unit time. N was obtained by counting bubble starts 
in the field of view during 300 frames (0.015 sec), counting each 
bubble as more or less than unity in accord with the ratio of its 
area to that of the selected average bubble. 

F = percentage of heating surface covered by bubbles, aver- 
aged over time. F was calculated by the expression 


F = 100 N@ f per cent...... [ 
0 


where ¢ = time in seconds, and the bracketed term represents the 
area covered by one bubble averaged over its lifetime. By inte- 
grating area-versus-time curves graphically for a number of bub- 
bles, it was found that the bracketed term is approximated 
closely by a simplified expression 


6 Jo 


Substituting in Equation [2} 


in. see 
F = 100N (™ (0.57 R%nax) 


sq in. see bubble 
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TABLE 1 BURNOUT TEST RESULTS 
Ratio of 
(q/A)exp, (q/A)exp to 
ATwub, Btu y 
deg F sq in, sec Equation [1] Equation [1 
38 1.45 1.15 1.26 
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TRANSACTIONS 


In these measurements of bubble parameters from the Kerr- 
cell photographs, the human element must be considered as a 
source of possible error. Every effort was made to obtain the 
best counts and measurements consistent with a reasonable ex- 
penditure of time. The employment of rigorous statistical count- 
ing and measuring methods would have been extremely difficult, 
as well as unprofitable, since the objective of the study was to 
determine the basic trends of bubble behavior for guidance in 
future experimental and theoretical studies of nucleate surface 
boiling. 

In Fig. 11 the four bubble parameters are plotted for a series of 
tests at 2.75 Btu/sq in. see and velocity of 10 fps, in which sub- 
cooling was reduced systematically from 200 to 62 F, approach- 
ing burnout. In the lower range of subcooling, reduction of 
AT up causes bubble size Rinax, lifetime 8, population and vapor 
coverage F, to increase as burnout is approached. The same 
trends can be observed in the series of high-speed plan-view 
photographs from which the data were taken, Fig. 12(a), (6), and 
(c). At incipient burnout several large, closely packed bubbles 
coalesce to a local vapor film, as shown in broad plan view in 
Fig. 13. 

Fig. 14 is a graphical summary of the results of three photo- 
graphic tests made at coolant velocities from 5 to 20 fps, with 
other heat-transfer conditions held constant. It is apparent 
that decrease of coolant velocity toward burnout causes bubble 
size, population, lifetime, and cove to increase until 
bubble coalescence and burnout occur, as was the case with de- 
crease of subcooling. 

In Fig. 15 data are presented from a series of five tests made 
with flow conditions held constant as heat-transfer rate was in- 
creased from 1.4 to 6.5 Btu/sq in. sec. Whereas bubble size and 
lifetime decrease about 40 per cent with the increase of ¢/A 
over this range, bubble population increases sharply, causing a re- 
sultant increase in bubble coverage as burnout is approached. 
The intensity of boundary-layer turbulence~-caused by surface 
boiling is appreciated by noting from Fig. 15 that, at 6.5 Btu/sq 
in. sec, more than 16,000,000 bubbles per sec were generated on 1 
sq in. of heating surface. Since increase of subcooling in the 
range of 200 F decreases bubble size with compensating increase 
in population, Fig. 11, it is apparent that extrapolation to very 
high subcooling at high heat-transfer rates would yield astronomi- 
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cal population densities of bubbles too small and short-lived for 
photographic resolution. Fig. 16 shows minute surface boiling, 
not photographically resolved, at 200 F subcooling, 25 fps veloc- 
ity, and 13 Btu/sq in. sec heat-transfer rate. Fig. 1 was photo- 
graphed at similar conditions but with subcooling reduced to 
190 F, producing larger bubbles, and breakdown of the nucleate 
boiling mechanism to a local vapor film (visible at the bottom 
center of the figure). 

To illustrate the excitation of boundary-layer turbulence by 
surface boiling, a shadowgraph sequence is presented as Fig. 17, 
in which heat-transfer rate from the metal strip to a laminar 
stream of water is increased in three steps. A heated laminar 
boundary layer first appears at the metal surfaces. In Fig. 17(c) 
first boiling causes local disturbance of the laminar stream; and 
in Fig. 17(d) the boundary layer is seen to be torn by fully de- 
veloped turbulence excited by vigorous boiling. 


Discussion 


Turbulent mixing adjacent to the heating surface, excited by 
boundary-layer boiling, makes possible the high heat-transfer 
rates observed experimentally. The sliding of bubbles observed 
on the heating surface should add to the turbulence caused by the 
action of bubble growth and collapse. 

The burnout limit, or breakdown of the nucleate surface- 
boiling process, merits some discussion. Since clumping of 
nucleate boiling bubbles into local vapor films has been observed 
only in photographs taken at conditions near the burnout limit, 
bubble coalescence is associated with instability and incipient 
burnout. The passage of such a local vapor film must momen- 
tarily retard heat transfer from the metal wall, causing a local 
temperature rise of magnitude governed by the time interval for 
the film to sweep past, and by the heat-storage capacity of the 
metal wall. With sufficient local temperature rise, the moving 
vapor film can stabilize and enlarge, producing further wall- 
temperature rise to burnout even though over-all heat-transfer 
rate has been constant. 

Because of the small heat-storage capacity of the 0.004-in- 
thick heating strip used in the present tests, the burnout limits 
obtained with the apparatus should be conservative, representing 
a sensitive indication of the onset of partial film boiling. In 
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McKenney’s* burnout tests, made with thick-walled (0.012-in.) 
tubular heaters of '/s in. diam at the axis of an annular flow pas- 
sage carrying distilled water, burnout limits were obtained falling 
well above heat-transfer rates predicted by Equation [1]. How- 
ever, with a thin-walled heating tube (0.005 in.) in the same ap- 
paratus, very consistent burnout results were obtained which fell 
within 12 per cent of correlation Equation [1], based upon burn- 
out test results obtained with the thin-strip heater. 

The tendency for burnout points to fall below the straight-line 
correlation at subcooling larger than 200 F, Fig. 5, occurred in 
McKenney’s data as well. Whether the trend is real or is caused 
by slight imperfections in the thin-walled fieating elements which 
become significant as bubble size decreases with subcooling is a 
question for future investigation. 

Over-all temperature differences between heater surface Ty, 
and bulk liquid temperature 7, were calculated for surface- 
boiling conditions near burnout at 5 and 40 fps, based upon data 
of other workers*,* for surface-boiling wall temperatures. Cor- 
responding heat-transfer rates which would occur with nonboiling 
forced convection at the same temperature differences and 
velocities were then calculated. Division of (¢/A)pursour by 
(qg/A)sonbou then yielded the following rule-of-thumb relation- 
ships. 

At 40 fps velocity, 


L4/A 
(q/A Jeonvective, 
At 5 fps velocity, 


(q/A Jeoavective 
The decrease in ratio with velocity is rational, since it has been 
shown that 
(q/A  V%S 
and 
(q/A Jesavestive = Vos 


* Unpublished data of Jack McKenney of Jet Propulsion Labora- 
tory, Pasadena, Calif. 
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expression as follows 


(q/A ) ves 
same TW —TL 


An insensitive dependency on subcooling also exists but has 


been neglected as an unwarranted refinement. 


CONCLUSIONS 


Maximum heat-transfer rate in 38 burnout tests for the '/s-in- 
wide metal heating strip dividing a rectangular channel */;5 
in. wide and '/; in. high, having a hydraulic diameter of !/2 in. 
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and a ratio of heated length to hydraulic diameter of 6, was cor- 
related by the equation 


(q/A)ournous = 0.0135 V%5 ATyup 


The ratio of burnout heat flux to heat flux by nonboiling con- 
vection at the same velocity and temperature difference ranges 
from an approximate value of 6 at a velocity of 5 fps to about 3 at 
40 fps. 

At subcooling greater than 100 F, surface-boiling bubbles do 
not detach from the heating surface, but grow and collapse as ap- 
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proximate hemispheres while being swept along the heating sur- 
face by coolant velocity. 

Bubble size, lifetime, population, and coverage of heating sur- 
face increase as burnout is approached by decreasing velocity. 

Bubble size, lifetime, population, and coverage also increase as 
burnout is approached by decreasing the subcooling. 

In the third approach to burnout, by increasing heat-transfer 
rate while holding velocity and subcooling constant, bubble size 
and lifetime decrease moderately, whereas bubble population and 
coverage of heating surface are strongly increasing functions of 
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Chemical 


By R. G. CALL! ano W. L. WEBB,' 


When acid-cleaning a 1,000,000-Ilb per hr boiler for re- 
moval of deposits which were predominantly iron oxide, 
the boiler metal was heavily plated with copper. During 
subsequent operation this copper became detached in large 
sheets such as toaffect circulation adversely, making copper 
removal mandatory. Because laboratory tests on pre- 
viously used copper solvents gave poor performance, a 
solvent was developed containing ammonium persulphate, 
ammonium hydroxide, and caustic soda which, when used 
on this boiler, removed about 300 lb of copper. Labora 
tory conclusions and field-cleaning procedures, results, 
and costs are indicated. 


designated as boiler A located in the Appalachian Electric 

Power Company’s Logan Plant at Logan, West Va. 
6-drum, bent-tube, tangentially fired, dry-bottom unit, rated 
1,000,000 Ib per hr, 1350 psi, 925 F total steam temperature. 
An elevation view of this boiler, which first went into operation 
in November, 1937, is indicated in Fig. 1. Boiler A has been 
acid-cleaned three times, namely, in January, 1948, March, 1949, 
and January, 1950, the latter cleaning including the subsequent 
use of a solvent for removing copper. 


"Ten boiler from which copper was chemically removed is 


Itisa 


EvipeNnce oF For Copper Removai 

Immediately after the acid-cleaning of boiler A in March, 
1949, with 5 per cent inhibited hydrochloric acid, followed by a 
conditioning boil, employing a 0.25 per cent sodium-chromate 
solution, selected wall tubes were turbined, removed deposits 
were weighed, and three samples analyzed, Results are shown 
in the left-hand portion of Table 1. These indicated an average 
copper content of about 52 per cent, and an average deposit 
weight of 125 grams for a pair of tubes forming a bifurcated tube 
37 ft long. In general, the after-deposits appeared to be more ex- 
tensive than in any previous case, partly because of all surfaces 
being plated with copper, much of which had become partially 
detached. 

It was noted that the plated copper was not only heavier in 
the lower part of the boiler, but the maximum thickness of plating 
(about 12 mils) occurred on highly stressed metal such as rolled 
ends of tubes and tube flares. 

Twelve hours after the boiler was returned to service, a floor 
screen tube failed in the form of a 6-in. longitudinal split on the 
bottom of the tube about 5 ft from the lower waterwall header. 
This failure was believed to have resulted from repeated cold- 
working of the tube in straightening bends caused by heavy pieces 
of falling slag. During this outage, drums and lower headers were 
found to contain much dislodged sheet copper. In so far as 
possible this copper was removed mechanically, the quantity 
being estimated as 75 to 150 Ib. 


During an outage in October-November, 1949, representa- 


1 Mechanical Engineering Division, American Gas and Electric 
Service Corporation. 

Contributed by the Joint Research Committee on Boiler Feed- 
water Studies and Power Division and presented at the Semi-Annual 
Meeting, St. Louis, Mo., June 19-23, 1950, of Tae American So- 
CIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressicns of their authors and not those 
of the Society. Manuscript received at ASME Headquarters on 
May 10.1950. Paper No. 50—SA-34 
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tive tubes were turbined and deposits collected and analyzed 
as before. These data are indicated in the right-hand portion of 
Table 1. 

A comparison of the weights and analyses of the deposits in 
Table 1 shows the following: 

(a) Weights of deposits from tubes previously turbined fol- 
lowing the March, 1949, cleaning were relatively low, ranging 
from 7 to 33 grams. 

(b) The average weight of deposit from tubes not previously 
turbined was almost double that following the March, 1949, 
cleaning, and, although the percentage was less, the total quan- 


tity of copper had increased by almost one third. 
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TABLE 1 WEIGHTS AND ANALYSES OF ey LL- E 
Cc DIN 


Following March, 1949, cleaning —-—-—— 
———-— Analysis (%)———--—~ 
Bifurcated tube 
esignation 
North wall 
East 


Ign. 
Weight. grams loss Fey 


76 
West ; 


South wall 
Fast 
West 


Kast wall 
North 


South 


West wall 
North 


South 


18 
Average ibes following March, 1949, cleaning 
Average 


ad Present predominantly as magnetic oxide. 


It was apparent that boiler A should be cleaned at the earliest 
possible date and that the cleaning procedure should remove the 
copper effectively. 


EXPERIMENTAL WorRK ON Copper RemMovaL 


In November, 1949, a proposal covering the removal of iron 
oxide and copper deposits from boiler A was secured from a com- 
pany specializing in chemical cleaning of industrial equipment. 

Subsequent tests of the initially recomniended copper solvent 
by both the American Gas and Electric ‘Service Corporation’s 
general laboratory and the chemical-cleaning service organiza- 
tion indicated that the efficiency of the solvent left much to be 
desired. The oxidizing agent used in this solvent was sodium 
chlorate. Laboratory tests under the stipulated conditions of a 
6-hr soaking period at 170 F resulted in only partial dissolution 
of the copper. 

With the scheduled boiler outage rapidly approaching, both 
laboratories were faced with the development of a new formula. 

Drawing upon its experiences with oxidizing agents in ammo- 
nium hydroxide for the etching of copper prior to metallographic 
examination, the general laboratory of the authors’ company con- 
centrated its efforts on solvents of this type. The oxidizing mate- 
rials investigated included perborates, peroxides, and persul- 
phates. 

The data obtained indicated that ammonium persulphate in 
the presence of sufficient ammonium hydroxide offered promis- 
ing possibilities as a solvent for copper. 

Although it is not the purpose of this paper to describe in de- 
tail the preliminary work on the various oxidizing materials 
tested, the data obtained with a number of persulphate solutions 
indicated the following: 


1 A solvent of this type acts extremely rapidly at room tem- 
perature in removing copper trom iron surfaces. 

2 The reactions involved are of a complex nature and are not 
stoichiometric with respect to persulphate concentration. 

3 It may be that the dissolution of copper by solvents of this 
type is due not only to the oxidizing reagent and ammonia, but 
also to atmospheric oxygen and cell-action currents. 

4 The addition of a small amount of sodium hydroxide to the 
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solutions tested appeared to increase the initial attack of the 
copper. 

5 The persulphate type of solvent is considerably more ex- 
pensive than the basic chlorate type. 


Economic consideration of the various formulas investigated 
indicated that the use of one containing 0.75 per cent ammonium 
persulphate, 1.4 per cent NH;, and 40 ppm of sodium hydroxide 
might be justified on the basis of certainty of removal of copper 
from boiler A. 

As all of the foregoing data were obtained in the usual labora- 
tory manner using copper tubes, and iron and copper strips im- 
mersed in beakers of solutions, it was evident that more practical 
tests should be undertaken. Furthermore, it should be estab- 
lished whether or not copper removal should precede or follow 
acid-cleaning. 

Small se 
posits intact were treated with the solvent. Examination of the 
remaining deposit showed the absence of copper. The specimens 
were then acid-cleaned and, after removal of the iron oxide, 
copper was found plated on the tube. 

It is believed that the copper present was in the form of plating 
which occurred during the first acid-cleaning of the boiler, and 
that a layer of iron oxide and copper had been deposited over it 
during subsequent operation. From this observation it was 
concluded that the removal of copper from boiler A should follow 
acid-cleaning. Further tests were conducted using a test ap- 
paratus that was designed for studying chemical-cleaning pro- 
cedures for boilers. This apparatus, shown in Fig. 2, consists of a 
30-in. section of 2'/,-in-ID high-pressure boiler tube supported 
on aring stand. The internal area of the tube at operating level 
is 1.445 sq ft, and the effective volume 1900 ml. A hinged re- 
movable insulating jacket containing heating elements in each half 
surrounds the tube. Th: heating units are rated 700 watts each, 
and temperature is controlled by varying the applied voltage. 
The rubber stopper in the bottom of the boiler-tube section is 
fitted with filling and draining connections. 

A number of tests made with the apparatus, when the total 
copper plated on the boiler tube varied from 2 to 3 grams, showed 
that the persulphate solvent entirely removed the copper in 2 
hr at room temperature, and that corrosion was negligible. 


»ctions of a boiler tube removed from boiler A with de- 
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ORAIN AND FLUSH 
CONNECTIONS 


APPARA For Strupyine Pro- 
CEDURES FOR BOILERS 


The procedure used for plating the tube consisted of adding 
cupric oxide which had been dissolved in concentrated hydro- 
chloric acid, to a 5 per cent solution of inhibited hydrochloric 
acid. The section of boiler tube containing this solution was 
maintained at 150-160 F for 2hr. The reduction in the quantity 
of copper in the inhibited-acid solution was assumed to be equal 
to the copper plated. 

In order to study the effect of the copper solvent upon cor- 
rosion of unplated surfaces, and to detect possible replating of 
copper from the copper solvent, these characteristics having been 
reported by the chemical-cleaning service organization which also 
was studying this formula, tests were made in which only one half 
of the boiler-tube section was plated. In a typical test where the 
weight of copper initially plated on the tube was 9.6 grams, the un- 
agitated solvent maintained at 98-101 F in the tube for 6 br con- 
tained 1.65 grams of copper. Following draining of this solvent 
from the tube section, a fresh charge of solvent was added. At 
the end of 2 hr, this fresh solvent had taken 2.87 grams of cop- 
per into solution. Another fresh charge cf solvent at the end 
of 2 hr contained 2.73 grams of copper. From these data it was 
evident that replating of the copper had occurred and examina- 
tion of the tube showed that the replating was confined to a nar- 
row band at the bottom of the tube section. 

As the copper solvent is strongly alkaline at all times, it is 
believed that the redeposition of copper is due to the higher- 
density copper-ammonium complex settling to the bottom of the 


"The tube was then filled with rinse water twice and allowed to 


REMOVAL OF COPPER FROM isieiil: 


- tube as the copper dissolves, thereby setting up & cell action 
4 between two metals and two solutions of different 
In another test, in which the copper solvent was occasionally 
nr replating was reduced considerably as shown by the 
presence of 3.4 grams of copper in the solution at the end of 6 hr. 
Recognizing that the conditions under which replating occurred 
might not exist if the tests were conducted more on the order of 
= conditions encountered when cleaning the boiler, the bottom 
ine to the boiler-tube section was equipped with an orifice so 
: that filling would require 2 to 3 hr, a period comparable to that 
err for filling boiler A. 
_ In another group of tests of which the following is typical the 
tube section was first plated over its entire length with 3.34 grams 
_ per ft or a total of 8.6 grams of copper. The copper solvent was 
admitted through the orifice at an average rate of 630 ml per hr, 
the time for filling being 3 hr. The temperature of the solution 
was held at 98-101 F. The solution was allowed to remain in 
= with the copper surface for 1 hr and was then drained at 
a rate of about 960 ml per hr, the draining time being 2'/, hr. 


ition 


soak each time for | hr before draining. 
In order to remove the copper remaining in the tube, two addi- 
tional treatments with copper solvent were made, employing 
_ rapid filling and draining, and limiting the contact time to 2 hr in 
each case. The following data were obtained from analysis of the 
three copper solvents: 


Grams of 
copper 
3.22 


Solvent No. 2.... 

Solvent No. 3 

Unaccounted for. 


The corrosion of the tube after removing solvent No. 1 was 

_ somew hat greater than previously observed, and during draining 
Sonik the surfaces dried leaving a blue film of the copper complex that 
_ was insoluble in the rinse water. This film may have increased 

the copper content of solvent No. 2, which contained more copper 
than was usually found. 

From the data secured, the solubility of copper in the persul- 
phate solvent was estimated to be 1700 ppm or 0.17 per cent 
under the test conditions of filling, soaking, and draining as pre- 
viously described, these conditions being comparable to those 
under which boiler A would be cleaned. 


Fre_p Triat or Copper Sotvent 


An estimate of the total quantity of copper in boiler A based 
on deposits turbined from tubes, indicated about 150 lb was 
present. The volume of the boiler is about 33,000 gal. This 
quantity of copper solvent, consisting of 0.75 per cent ammo- 
nium persulphate, 1.4 per cent NH,, and 40 ppm of sodium hy- 
droxide, was believed to be capable of dissolving 0.17 per cent or 
470 lb of copper which was considered ample for an extreme 
condition. Furthermore, the rapidity of attack of this solvent 
on copper was expected to speedily put into solution or to disin- 
tegrate and slough off the heavy films of sheet copper previously 
observed to have a maximum thickness of 12 mils. 

Arrangements were made with the chemical-cleaning service 
organization to furnish the inhrbited hydrochloric acid, the 
ammonium hydroxide, and the facilities and personnel for pro- 
portioning and heating the solvents and for pumping them to the 
boiler. The Appalachian Electric Power Company furnished 
the ammonium persulphate, nitrogen, heating steam, and tem- 
porary piping, and handled adjustment of boiler temperature. 

The boiler was first acid-cleaned with 7.5 per cent inhibited 
ee acid, the soaking period being 6 hr with initial and 
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final metal temperatures of 145-165 F and 135-155 F, respec- 
tively. The acid was then displaced with nitrogen as were the 
two subsequent water rinses. During these rinses the boiler 
temperature was adjusted to 100 F maximum. The copper sol- 
vent was then pumped in over a period of about 4 hr at about 85 F 
and allowed to soak for 30 min, during which time it was recircu- 
lated out of the top and into the bottom of the boiler. The 
draining time was 2.5 hr. The copper solvent and the two sub- 
sequent rinses were displaced with compressed air. Filtered 
water was used for rinsing in all cases. 

Samples of the copper solvent taken from the boiler during 
the filling showed a range of copper concentration of 0.06 to 0.25 
per cent with an average of 0.16 per cent. Analyses of the acid 
and the copper solvents as drained from the boiler are indicated 
in Table 2. 

Copper in solution in the drained solvent was 300 lb, corre- 
sponding to the 0.113 per cent concentration. This does not in- 
clude that sloughed off and found mixed with iron oxide in the 
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Per 

yea solvent cent 
(NH): 0.013 
Ammonia (NH) 0.970 
Copper (Cu). 
Iron Fe:0:).. 0.011 


Hy acid (HCl). . 
Copper (C 
Iron oxide (Fe) 
Phosphate (PO,). 

Caleium (Ca) 
Magnesium (Mg)... 


TABLE 3 

UARY, 

Bifureated tube 
designation 

East wall, South 19 


Weight. grams 
89 


bottom of drums and lower headers. This mixture, which had a 
copper content of about 60 per cent, was estimated to contain 
about 80 Ib of copper. 

An inspection of visible internal surfaces of the boiler revealed 
no signs of plated copper. However, all surfaces were coated with 
a brown-red deposit which presumably resulted from oxidation of 
the boiler metal by persulphate. This deposit when wet could 
be removed with the finger and when dry was readily removed by 
wire-brushing, exposing no etching or pitting from acid or per- 
sulphate attack. 

The weights and analyses of deposits turbined from selected 
tubes following the cleaning operation are indicated in Table 3. 
From these data it is evident that the iron oxide produced by the 
persulphate was undesirably high, but based on before and after 
conditions, the bulk of the copper was removed. 


Cost or Copper ReMovAL 


An itemization of the costs of the boiler A cleaning operation 
totaling $10,258 are indicated in Table 4. Minor costs such as 
those for steam and gas for solvent and boiler heating, rinse 
water, compressed air, and caustic soda are not indicated. 

As shown by Table 4, in which the costs are allocated to show 
the additional expense for copper removal over and above that for 
acid-cleaning only, the copper removal cost was $3295, or about 
$11 per lb of copper taken into solution by the solvent. 

On the basis that the temporary piping costs, and the general 
expenses are shared equally by the acid-solvent and copper- 
solvent stages, the respective total costs would be $6283 and 
$3975, equivalent to $13.25 per lb of copper taken into solution 
by the copper solvent. 

It is possible that — laboratory work on solvents of the 
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TABLE 4 COST TION BOILER A CLEANING OF 


NUAR 
Acid-solvent stage: 
Jahibised hy. drochlorie acid. . 
‘leaning organization's service ‘and mileage c har 
val e temporary piping 
itr 
Local labor and superv ision. 


Copper-solvent stage: 
Ammonium persulfate 
Ammonium hydroxide. . 
Cleaning organization's service and mileage e 
Local labor and supervision 


* Allocated from total charge on the basis of proportionate time required. 


LABORATORY COPPER-REMOVAL TESTS CON- 
AFTER JANUARY, 1950, CLEANING OF BOILER A 


0 5 per cent  —_—e persulphate 


per cent N 
Temperature: 75 to 80F 


TABLE 5 
DUCTE D> 


Solvent: 


Weight of copper plated on tube, grams 

Yeight of copper per lineal ft, grams 
Time to fill from bottom, hr-min 
Soaking time, min 
Draining time, min ; 
Total time, start of to end of drain, hr-min.... 
Copper removed, g 
Copper in solvent, per cent 


type used in boiler A may show that the chemical cost can be 
reduced without impairing copper-removal efficiency. This 
possibility is indicated by data obtained after the cleaning of 
boiler A and shown in Table 5. In these tests the persulphate 


WEIGHTS AND ANALYSES OF BOILER A W “; y TUBE DEPOSITS FOLLOWING 
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— Analysis, per ceat————— — 
Fe:0; Cu 


7.5 87.1 4 1. 
6.3 76.7 13: 4.3 


concentration was reduced from 0.75 to 0.5 per cent, and the 
temperatures held between 75 and 80 F. The filling time was 
increased, and the soaking and draining periods decreased. 
Under the conditions indicated, the solubilities of copper in the 
solvent were 0.193 and 0.223 per cent. These values are higher 
than those obtained from solutions in which over-all contact 
time was greater and temperatures higher. 

Although sufficient tests have not yet been made to show the 
exact effect of higher temperatures, indications are that above 
100 F, corrosion of iron by the persulphate is accelerated, and 
the net amount of copper placed in solution is reduced, pre- 
sumably due to rapid decomposition of the persulphate. 


ror Furtruer Researcu 


In presenting the foregoing method for removal of copper 
from boilers, the authors do not wish to imply that the concen- 
trations of the constituents of the solvent are particularly critical 
or that the solvent used is the most economical one. It is one 
that was developed within a limited time to meet a cleaning 
deadline. 

Other solvents were available, but time did not permit a full 
investigation of their merits. 

It is hoped that this presentation will stimulate interest and 
research not only on the most effective and economical] means of 
removing copper from boilers, but also to show the following: 

(a) Why in the presence of large amounts of copper, serious 
plating accompanies acid-cleaning in some instances and is hardly 
detectable in others. 

(b) Whether conditions influencing solution of copper during 
acid-cleaning can be controlled so that plating is substantially pre- 
vented and at least the major portion of the copper detached by 
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sloughing off, making it removable by flushing of drums, headers, 
and near horizontal sections of tubes. 


ConcLusions 


The following conclusions have been drawn from the study of 
chemical removal of copper from boilers: 


1 Although copper in boiler deposits which are predomi- 

- nantly iron oxide may be no more hazardous to operation than the 

iron oxide itself, an instance is cited in which copper could quite 
seriously affect boiler availability. 

2 Although the process used on the one boiler cleaned was 

_ costly, and left much to be desired with respect to boiler cleanli- 

“ness, it is feasible to remove copper by the use of the persulphate 


solution described. 


3 Further research is needed both on copper solvents along 
the fines of formulating and controlling solvents used for iron- 

_ oxide removal so to prevent plating of copper, and to cause copper 
in the initial deposits to slough off and be removable by flushing. 


Discussion 


F. N. Atqutst.* The project described in the paper is the type 
a, research that R. C. Corey had in mind in an earlier one.* 
In a discussion of Mr. Corey’s paper, the writer submitted data 
showing x-ray diffraction analysis of 15 deposits obtained over a 
- 10-year period from boilers containing copper in which the copper 
_ varied from 5 to 25 per cent. 
as In the present paper the authors state the following problem: 
““Why in the presence of large amounts of copper, serious plating 
accompanies acid-cleaning in some instances and is hardly detecta- 
Most of the copper in boilers before acidizing is 
in the form of metallic copper, which is insoluble in hydrochloric 
4 acid alone; but in the presence of ferric oxide, which acts as an 
, “oxidizing agent, copper dissolves during acidizing. The re- 
- deposition of copper during acidizing is not yet explained. The 
‘Hall Laboratories, in a study of how copper was taken into solution 
1 in acid-cleaning and then plated out, indicated the oxidizing agent 
_ to be ferric ion. 
All cases of redeposition of copper during an acid cleaning 
should be reported to the Joint Research Committee on 
Boiler Feedwater Studies. From the writer's knowledge, this re- 
deposition occurs in less than 5 cases in 100 acid clecnings. The 
data obtained could be made available to operators or used for 
research on methods of preventing copper redeposition. 

The present paper indicates that solverts for copper redeposited 
in acidizing are ammoniacal oxidizing agents such as aqueous 
solutions of ammonia with chlorates, perborates, or persulphates. 
_ We have found that to remove copper from scaled boilers the 


i fe boiler must first be acidized before the ammoniacal copper solvent 


 isused.4 We have found that aqueous solutions of chlorates, per- 
sulphates and perborates with ammonia are useful solvents. 
The writer has not studied the effect of the addition of caustic. 
A solution of a chlorate with ammonia was used twice to remove 
copper from the Montaup No. 6 boiler after acidizing. Eight 
pounds of copper were removed from this boiler the first time and 
66 lb on the second treatment. 


R. F. Anpres.* In recent years with the development of water 


2? Organic Research Laboratory, The 
Midland, Mich. 

_ §*Corrosion of High-Pressure Steam Generators: Status of Our 
Knowledge of the Effect of Copper and [ron Oxide Deposits in Steam 
Generating Tubes,"’ by R. C. Corey, Proceedings of the ASTM, vol. 
48, 1948, pp. 907-941. 

* Process Patent pending. 
* Chief Chemical Engineer, The Dayton Light & Power Company, 
Dayton, Ohio. 
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treatment which furnishes practically pure condensate for feed- 
water to high-pressure boilers, sludge deposits are principally 
composed of iron oxides, copper, and copper oxides. The in- 
creased use of acid-cleaning as a means for removing iron-oxide 
deposits, in our case, has resulted in a rather serious problem with 
regard to the copper in the deposits which replates from the acid 
solvent. This plated copper may or may not be adherent, and, 
under the influence of heat and rapid circulation, as the boiler is 
returned to service, may be loosened from the tubes and headers 
and moved to areas where the circulation is less rapid. This re- 
sults in excessively heavy sludge deposits in localized areas which 
may impair circulation or cause overheating with ultimate tube 
failure. It has been necessary to clean our boilers mechanically 
following acid treatment to eliminate this potential operating 
hazard. This procedure is time-consuming, and the copper plated 
out in inaccessible locations remains in the boiler to prove 
troublesome at a later date. Chemical solution of the plated 
copper seems a logical answer to this problem. 

A wide variety of ammonia-base oxidizing solvents are available 
which dissolve metallic copper under varying temperature con- 
ditions and periods of time. The ammonium persulphate solu- 
tion used by the authors is rapidly reactive with copper in the 
cold state and is perhaps the easiest solvent to use. The some- 
what less rapid oxidizing agents such as potassium bromate, so- 
dium chlorate, sodium perborate, ete., used at elevated tempera- 
tures and for longer intervals of contact time seem to have com- 
parable copper-dissolving capabilities. 

!Numerous solvents of the latter type tried in our laboratory re- 
acted with copper relatively rapidly until the concentration of 
copper in the solvent approached 0.15 to 0.20 per cent. As the 
solvent spent itself, the rate of copper solution decreased ma- 
terially, and the tendency of the solvent to replate copper in- 
creased. If the ammonia content of the solvent reaches ex- 
tremely low values, or if the oxidizing salt is depleted, all of the 
solutions tested tended to lose their copper already in solution. 
A stage treatment involving the removal of the spent solvent and 
the addition of fresh solvent would tend to reduce the replating 
characteristics of the solution by reducing the dissolved copper 
content and stabilizing the oxidizing salt and free ammonia con- 
centrations but would be rather costly. The ammonium persul- 
phate solvent, because of its extremely reactive nature, must be 
handled carefully during the contact period with copper, in order 
to prevent redeposition of copper while the less reactive solvents 
are not so critical. It is obvious from the replating character- 
istics of these solvents that uniformity of chemical concentrations 
throughout the solvent must be maintained at all times. 

Recirculation as used in the Logan boiler is one solution to this 
problem, although the resulis lack a degree of certainty since the 
volume of solution recirculated is small compared to the total sol- 
vent volume and may move through a limited number of tubes 
in the boiler. In the case of the solvents used in the heated state, 
positive chemical circulation may be induced by intermittent fir- 
ing of the boiler. This method has several disadvantages: 
namely, (1) localized areas of the boiler may be overheated, caus- 
ing increased rate of attack of tube metal by the oxidizing agents 
present in the solvent, (2) the ammonia may be depleted mo- 
mentarily in these areas, causing the copper to replate and, as this 
plating occurs, equiva‘ent amounts of iron are taken into solution 
reverting in the alkaline solvent to insoluble iron oxide, and (3) 
although ammonia does not follow true gas laws, some ammonia 
may be driven into the air space in the boiler drums which renders 
the over-all solvent less concentrated and, therefore, less effective. 

These adverse reactions were apparent during the chemical 
copper cleaning of one of our boilers. The chlorate-bromate- 
ammonia solvent was introduced into the boiler at a temperature 
of 120 F to 160 F. Samples of the solvent taken satine to = 
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firing were relatively free of iron oxide and contained from 0.07 ‘o 
0.13 per cent of dissolved copper and 0.15 per cent availabh> a:n- 
monia for reaction. After firing the boiler for 5-min intervals o 
three occasions to bring solvent temperature up to 180 F, +? 
solvent decreased both in ammonia and dissolved-copper content. 
After a 7-hr contact period, the drain samples from the boiler had 
an ammonia content of only 0.09 to 0.16 per cent, the dissolved 
copper content had dropped to 0.05 per cent, and the iron-oxide 
content had risen to 0.20 per cent. From these data it is readily 
apparent that some of the mentioned reactions occurred which 
were not anticipated, and the treatment was not too successful. 

It is noted that the authors did not use the conventional soda- 
ash boil following the acid stage of their cleaning treatment. In 
the chemical cleaning of our boiler we also relied on the ammonia 
solvent to neutralize any residual acid. This may have been wish- 
ful thinking on our part. The boiler was regasketed completely 
after the chemical and subsequent mechanical cleaning. After 
the hydrostatic test on the boiler and during the setting and test- 
ing of safety valves with attendant application of heat and pres- 
sure, numerous gasket leaks developed and acid odors were noted. 
On inspection the soft-steel gaskets were found to be coated with 
a soft black deposit. This is the first time that a neutralizing 
boil was not used after acid treatment and, coincidentally, it is 
the first time a gasket problem has developed. 

Some of the peculiarities of copper cleaning solvents and pro- 
cedures have been briefly discussed. Future copper cleaning of 
boilers in our plants will be based upon the following concepts 
drawn from this paper and discussion: 


1 Accessible sludge deposits will be removed prior to and fol- 
lowing the acid stage of the treatment, reducing the sludge pile- 
ups of copper which are difficult to dissolve chemically. 

2 A soda-ash neutralizing boil will be used between the acid- 
and copper-removal stages of the treatment. 

3 The copper solvent will be of the bromate-chlorate type with 
an increased content of bromate and ammonia. Soda ash will be 
used in the solvent, since this alkalinity seems to reduce attack 
on the tube metal by the oxidizing agents. 

4 The boiler will be heated before the ammonia solvent is 
introduced, and the solvent will be put in warm. The solvent 
will not be heated by firing the boiler. 

5 Recirculation of the solvent seems desirable and may be 
used in an effort to maintain uniform temperature and concentra- 
tion conditions, 

6 Frequent tests will be made to determine the concentrations 
of the various constituents present in the solvent during the am- 
monia treatment to determine the proper time to drain the sol- 
vent. 

7 The boiler will be inspected and cleaned if necessary before 
being returned to service. 


The copper cleaning of the Logan boiler was apparently about 
80 per cent effective in removing the copper present in solution. 
Further development of solvents and cleaning procedures should 
make the complete chemical solution of copper a reality and elimi- 
nate this troublesome deposit from boilers. This paper, concern- 
ing the authors’ attempts to remove copper chemically, represents 
a long stride forward in the constant effort to obtain and main- 
tain clean internal boiler surfaces. 


P. H. Carpwetu.* This paper is valuable in that it covers the 
actual treatment of a boiler for the removal of copper, and gives 
a considerable amount of laboratory data on copper solvents. 
We became interested in the problem of copper removal about 7 
years ago. The starting point of our laboratory work at that 
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time was reference in a book by Clyde Baker’ to a formula for a 
copper solvent. This formula consisted of an aqueous solution 
of ammonia, ammonium persulphate, and ammonium carbonate. 
The disadvantage of the persulphate solvent is threefold; its 
cost, which is rather great, its temperature limitation of about 
100 F, which may or may not be a disadvantage depending upon 
the particular treatment, and the formation of iron-oxide rust 
upon the steel surface. 

These disadvantages led to additional work which included 
trying various oxidizing agents as a replacement of ammonium 
persulphate. As a result of this work, a solvent was developed 
using as its base, sodium chlorate. The chlorate solvent with the 
necessary auxiliary chemicals overcomes two of the disadvan- 
tages of the persulphate solvent, namely, it is only one half as 
costly as the persulphate solvent, and, if used correctly, does not 
cause rusting of steel surfaces. The solvent does have one some- 
what minor objection in that it has to be used at a temperature 
of 150 F or higher. 

The first treatment using the chlorate solvent was made Decem- 
ber 27, 1948. To our knowledge, this was the first treatment in 
which copper was chemically removed from a boiler. The boiler 
was a forced-circulation 650,000-lb-per-hr steam generator. The 
chemical procedure used on this boiler was first a stage of in- 
hibited hydrochloric acid to remove the iron oxide deposit. Fol- 
lowing this, the boiler was washed twice with water and then 
filled with the copper solvent. The copper solvent was left in the 
boiler for a period of 7 hr, after which it was drained. The boiler 
was rinsed once with water then given a 2-hr after-boil treatment 
using soda ash and trisodium phosphate. The treatment was 
called successful in that a series of tubes was turbined, and the 
examination showed the absence of copper in all of the material 
removed. 

The problem, as pointed out in the paper, as to whether or not 
the copper-removal treatment should precede or follow the acid- 
cleaning is one upon which we have done a considerable amount 
of work. We had an opportunity in September, 1949, during an 
outage period of a high-pressure 375,000-lb-per-hr boiler to carry 
out an experiment using two tubes “in place” in the boiler. The 
test was to determine whether it would be advisable to remove 
the copper prior to the acid-washing or to leave the copper- 
removal treatment until after the acid-washing. The results 
of our tests in this case indicated that it would be advisable! to 
perform the acid-washing of the boiler first and then to perform _ 
the copper-removal treatment. We also have found boiler de- 
posits where it was advisable to remove the copper prior to the 
acid-washing stage. These deposits were those in which the 
copper seemed to have been formed over the iron oxide. Thus 
the problem of which treatment to perform first depends upon the 
chemical make-up of the deposit. 

The authors mentioned the need for further research on the 
problem of preventing the deposition of copper during the acid- 
washing of boilers. It is hoped that within the near future it 
will be possible to add to the acid a specific chemical to combine 
with the copper to prevent its plating onto the boiler metal during 
the acid-washing treatment. This may take a more or less 
“tailor-made” chemical, but it will insure prevention of copper 
deposits and will make the total cost of the treatment considera- 
bly less than the present-day two-stage treatment. 

The authors are to be complimented on this paper in that they 
have brought to the attention of the power industry that it is 
possible to remove copper from boilers chemically. The labora- 
tory tests and apparatus used are of considerable interest, and 
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valuable information is reported on the persulphate copper- 
removal solvent. 


R.C. Corey.* The initiative of the authors in tackling another 
of the many problems related to the maintenance of clean steam- 
ing surfaces in boilers conceivably may lead to a new approach to 
internal cleaning. 

The writer recalls finding large amounts of paper-thin deposits 
of metallic copper in sectional headers following cleaning with 
inhibited acid. At the time, it seemed a hopeless task to remove 
all of this copper, so the boiler was closed and returned to service. 
Although no subsequent damage to the tubes could be attributed 
definitely to the presence of the copper, the element of doubt 
existed—and remains so today. 

The authors’ careful observations, attending the use of persul- 
phate-ammonia wash in the test unit and in the Logan boiler, 
raise a few questions which they may care to comment upon: 


1 Did the persulphate-ammonia wash appear to have any 
solvent action on the deposits and scale from the Logan boiler? 
It may be possible that such a solution may be used as a one-stage 
wash, that is, without primary treatment with inhibited acid. 

2 Itis reported by the authors that, following the persulphate- 
ammonia wash, the internal surfaces of the boiler were coated 
with a brown-red deposit. They believe it to be iron oxide result- 
ing from oxidation of the steel by the persulphate ion, but the 
writer would suggest confirmatory tests to identify the constitu- 
tion of the deposit; preferably by means of an x-ray diffraction 
analysis. 

3 A number of case histories dealing with copper in boilers 
report that small copper balls, consisting essentially of copper- 
plated globules of magnetite, were found in various parts of high- 
pressure boilers. This suggests the possibility of incorporating 
finely divided metallic iron into the inhibited-acid wash, to serve 
as possible nuclei on which copper would plate preferentially, 
rather than upon the boiler surfaces. The fact that copperplated 
more extensively upon stressed areas, such as rolled tube ends, 
confirms the fact that such areas are anodic to adjacent, un- 
stressed areas. Finely divided metallic iron may act similarly. 

4 Did the authors have an opportunity to observe if copper 
within pits in the tube metal was dissolved by the persulphate- 
ammonia wash? 


The authors’ observation that no pitting of the tube metal was 
found after the copper was removed is an important one, since it 
indicates that the plating takes place uniformly rather than selec- 
tively. 

The authors raised two cogent questions in their outline for 
further research, and the writer urges strongly that the appro- 
priate subcommittee of the ASME Joint Research Committee on 
Boiler Feedwater Studies be eae the problem of finding the 


answers. 


I. B. Dicx.® The writer has no first-hand experience with cop- 
perplating following acid-cleaning of boilers, although the com- 
pany with which he is connected has extensive background in acid- 
cleaning. However, there are indications of increasing percent- 
ages of copper in residual deposits after chemical cleaning, so that 
this paper strikes a sympathetic chord. 

Review of the chemistry of copper removal indicates, as the 
authors state, that there is a large field for future work, and the 
writer would urge the chemical-cleaning service organization 
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mentioned in the paper to take the initiative in this work. 

From reports, oral and published, it would seem that copper 
deposits in high-pressure boilers are not uncommon, and in some 
cases are becoming a matter of concern. This, then, seems an 
appropriate time to reopen the subject of the pickup of copper by 
boiler feedwater and its deposition in boilers. Granted the neces- 
sity of removing copper from boilers when its accumulation 
jeopardizes operation, basically the problem goes back to the 
copper-bearing alloys in the feedwater cycle. One of the diffi- 
culties in the way of such work is the very small quantities in- 
volved. The authors mention some 380 lb of metallic copper re- 
moved from their boiler. Presumably this represents an accre- 
tion of years. Compared with the total evaporation over that 
period of time, the amount of deposited copper, expressed in terms 
of the volume of feedwater, must have been in parts per billion, 
not parts per million; and one part per billion is one ten-millionth 
of one per cent. So the chemistry involved is very difficult. 


E. B. Powe...” The deposit of copper on the heating surfaces 
of high-pressure steam boilers has become a subject pressing for 
correction. The full nature and scope of action to be attributed 
to such deposits are much questioned topics, but evidence of the 
damaging effect in numerous instances of tube overheating is quite 
definite. The present paper, accordingly, makes a very impor- 
tant contribution to high-pressure steam-boiler maintenance. 

he authors bring out clearly the real need, at the present stage 
of experience, for preliminary trials of chemical-cleaning pro- 
cedures, with practical evaluation of chemical combinations and 
methods by application to appropriately selected tube specimens 
from the specific boiler to be cleaned. One of the by-products 
cited, the recognition of the importance of turbulence in a par- 
ticular copper-solvent solution, gained from noting copper re- 
deposited from the unagitated solution in the chemical-cleaning 
test apparatus, compared with relative absence of copper re- 
deposition when that apparatus was rapidly filled and drained, 
presents an example of benefit to be derived from thorough analy- 
sis of these preliminary trials. The data secured on the effects 
of temperature on the activities of the persulphate solution are 
very constructive. 

For all the thorough detail from the preliminary tests and the 
observations made on the chemical-cleaning process, we are very 
grateful to the authors. It is of tremendous importance to learn 
also how and why the copper was deposited in the boiler-furnace 
tubes. This design and operating aspect of the problem is em- 
phasized in the present discussion, recognizing that it calls for 
further information which may well be considered beyond the 
paper’s scope, but with the hope that the authors may still take 
up these other items. The chemical nature of the copper and iron 
in the deposit as initially formed is probably one of the less diffi- 
cult of the items not covered in the paper. The relative in- 
fluence, in determining the distribution of the copper deposit, 
exerted by temperature and other factors in the state of the metal 
surface, such as cold-work mentioned by the authors, in compari- 
son with the simple physical factor of sequence in proximity to 
the rising stream of fluid is a more difficult item but would seem 
to warrant special study for assistance toward understanding the 
conditions under which the deposit formed. Further light on the 
origin of the deposit would be had from items such as the follow- 
ing: 

The extent and nature of copper and copper-alloy surfaces and 
their respective typical temperature ranges in contact with con- 
densing steam and feedwater reaching boiler A, and approximate 
dates when any of these surfaces was renewed. 

The composition, including dissolved gas content and pH, of 
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the condensate and drips, with their relative proportions, and of 
feedwater. 

Presumably boiler A had been cleaned mechanically prior to 
January, 1948, and the copper accumulation found after the acid- 
cleaning in March, 1949, had been a product of conditions obtain- 
ing subsequent to some time in early 1947. 


8. T. Powe." ann J. K. The efficient cleaning of 
boilers of accumulated deposits at reasonable cost, with minimum 
damage to the boiler metal and least loss of time, has long been 
an operating problem in the modern steam-power station. Con- 
sidering the capital investment in a large high-pressure boiler, 
and the lack of outage time which is normally available, it is gener- 
ally agreed that it is not economical to have unscheduled or sched- 
uled outages which would interfere with production. For these 
reasons the judicious use of acid and other suitable solvents for 
cleaning the boilers has been looked upon with general favor, and 
the contributions which the authors have made to our knowledge 
of solvent-cleaning has been of considerable value and general 
interest. 

Apparently, the difficulty in removing copper from boilers will 
depend to an appreciable extent on the physical condition of the 
copper and how it may be intermixed with other deposits which 
are present. No doubt there are other factors which contributed 
to condition and arrangement of the copper noted by the authors, 
following acid-cleaning. Therefore it appears that a further 
study of the acid-cleaning operation may lead to some means of 
removing both the copper and other deposits from the boiler dur- 
ing the same soaking operation. It has been our observation that 
large residues of copper in boilers after acid-cleaning and boiling 
out with soda are not common. However, closer examination, as 
in the case of the Logan boiler, may show that more copper re- 
mains behind than may be expected. 

With reference to the plating-out of'copper in sheets or long 
strings, it is possible that this may take place over an underlying 
film or layer of iron oxide. This may happen in much the same 
manner as the copper collects on iron-oxide particles and can be 
observed in many boiler deposits. In this event it seems likely 
that sheets of copper may at any time become dislodged and may 
accumulate in parts of the boiler where water flow can become re- 
stricted. While this is not the usual case, we have observed that 
on some occasions it was necessary to use mechanical means for 
removing copper left after acid-cleaning, and it is of interest to 
know that solvents such as used by the authors are available for 
dissolving the copper. Further development of such solvents 
should be profitable. 

Regarding the order of applying dual solvents such as has been 
reported, it appears that since the iron oxide may not be found in 
heavy layers over the copper it may be advantageous first to apply 
the copper solvent and remove the iron oxide with the acid treat- 
ment. This should avoid any heavy plating-out of copper from 
residues which may remain with the iron oxide. It would be of 
interest if some additional data on the problem of the best order of 
applying solvents could be furnished, as by treating individual 
boiler tubes and noting the results. 

Regarding the cost of treatment, many high-capacity boilers 
hold considerably less volume of liquid per pound of steam pro- 
duced than the Logan boiler, and the chemical cost may be 
reduced by at least one third. For example, a 1,000,000-lb- 
per-hr boiler may hold as little as 20,000 gal instead of 33,000 gal 
as in the Logan boiler. 
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E. 8. Roperts." From the data presented in the naper, we 
conclude that the boiler surfaces become copperplated during the 
acid-cleaning, and that the copper deposited, together with iron 
oxides and other material during boiler operation, is metallic 
copper and not copper oxide. During the acid-cleaning with in- 
hibited hydrochloric acid, some metallic copper is dissolved by 
the action of HCl and ferric iron, and subsequently is plated out 
by cementation with iron. 

A pickling solution of sulphuric acid of approximately 5 per 
cent may be preferable since practically no copper will be dis- 
solved by sulphuric acid. However, the action of the ferric iron, 
which is dissolved by the acid solution, will still cause some of the 
copper to dissolve. This action can be prevented by adding a 
suitable reducing agent to the pickle liquor. The proper choice of 
reducing agent will depend upon preliminary laboratory or pilot- 
plant tests. Formaldehyde, in small quantities, may fulfill the 
requirements. 

Instead of trying to prevent the dissolution of copper, it may be 
better to precipitate the dissolved copper as sulphide. Cheap 
iron sulphide or iron-sulphide-bearing ore or concentrate may 
be added to the cleaning acid solution. The copper sulphide pre- 
cipitates may adhere to the metal surfaces of the boiler. The 
character and nature of such precipitates should be investigated 
in the laboratory using conditions similar to those found in the 
boiler surfaces. In any event, if copperplating during acid- 
cleaning cannot be prevented, attempts should be made to find 
a cheaper copper cleaning solution than the one presently in use 
(ammonia-ammonium persulphate). We suggest that a warm 
ammoniacal solution of cupric acetate (approximately 10 grams Cu 
and 20 grams NH, per liter) followed by a wash with dilute am- 
monia solution should be tried. Such ammoniacal solutions of 
cupric salts dissolve metallic copper by forming cuprous copper, 
which can easily be regenerated into cupric copper by aeration. 


Avutuors’ CLosURE 


The many discussions of this paper are most gratifying to the 
authors as they emphasize that copper removal from power boil- 
ers is a subject of quite general interest. 

Power engineers likely will subscribe to Dr. Alquist’s sugges- 
tion that there be a clearinghouse to which to report cases of cdp- 
perplating during acid cleaning of boilers. The Joint Research 
Committee on Boiler Feedwater Studies might well perform that 
function. Depending upon the prevalence of this problem in the 
near future, that Committee might wish to sponsor research both 
on the reduction of copper carried to boilers, and upon its re- 
moval. It would seem, however, as pointed out by Mr. Dick, 
that the chemical-cleaning service organizations should take the 
initiative on studies of copper-removal procedures. 

Mr. Andres’ experiments indicating that as the copper content 
of the solvent increases and as the ammonia concentration is re- 
duced, the tendency for the solvent to plate copper is increased, 
confirms the authors’ findings. It appears necessary by thermal 
or forced circulation to limit the concentration of the heavy cop- — 
per complex in the lower portions of the boiler if replating is to be 
avoided, 

In the event a boiler is fired to maintain copper solvent tempera-_ 
ture, it would seem wise to keep vents closed and to increase the 
ammonia excess so that the partial pressure of ammonia in the 
steam space above the solve1it would be such to prevent depletion 
of the ammonia concentration. 

Mr. Andres’ experience with gasket leakage following copper | 
removal where this stage was not preceded by the conventional — 
alkaline conditioning boil, may, as he indicates, be due to unac- 
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ceptable acid neutralization. In the Logan instance, the hand- 
hole caps and header seats were refaced before the boiler was re- 
turned to service. No gasket leakage was subsequently experi- 
enced, 

Mr. Andres’ desire to have all copper taken into solution by the 
solvent seems rather an idealistic viewpoint, just as it would be to 
expect an acid solvent to take all iron oxide into solution. The 
authors would expect some portions of these materials to slough 

off and accumulate on horizontal and near-horizontal surfaces to 
such a thickness that their complete solution would be impractical 
without agitation. All such cleaning operations should be fol- 
lowed by a thorough flushing of such surfaces for removal of ac- 
cumulated solids. 
The authors agree with Dr. Cardwell that the ammonia per- 
sulfate solvents have objectionable characteristics. The prime 
- object in presenting the paper was to give the details of one in- 
stance in which many pounds of copper were quickly and success- 
‘3 fully removed from a boiler, in the hope that others facing this 
_ problem would be inspired to carry the investigations to a point 
where effective solvents having a minimum of objectionable 
qualities would be developed. As indicated in the paper, tests 

on chlorate solvents were interpreted to indicate that a more ef- 
fective type of solvent was required for the Logan boiler. 

The power industry impatiently awaits the completion of Dr. 
- Cardwell’s work on an additive which will hold copper in solution 
and thereby prevent plating during acid cleaning. With plant 

capacity as critica] as it now is and with the expectation that 
there will be difficulty in installing new capacity rapidly enough to 
- meet the needs, definite assurance of no copperplating and con- 
- sequently no necessity for prolonging a boiler outage would be a 
most welcome contribution. 
Dr. Corey’s questions will be answered in so far as the authors’ 
_ knowledge and opinions permit in the order in which they were 
asked. 
1 Tests on tube specimens from the Logan boiler indicated a 
_ series of laminar depositions of copper and iron oxide. A single 
copper-solvent stage would remove the exposed copper but leave 
undissolved copper below the iron-oxide layer. 
2 Acchemical analysis of the deposit left in the Logan boiler 
after copper removal, showed substantially 99 per cent iron oxide. 
_ No x-ray diffraction analyses were made. 
3 Copper balls similar to those described, containing as high as 
70 per cent copper found in the Windsor boilers after extended 
periods of operation, lend weight to Dr. Corey’s opinion that 
finely divided metallic iron in inhibited acid may serve as nuclei 
on which copper may be preferentially plated. Laboratory tests 
should demonstrate the feasibility of such a plan and shed laht 
on the problems of maintaining the iron in suspension and subse- 
quently removing it from the vessel being cleaned. 

4 There were no pits in the tube specimens used by the authors 

in their laboratory copper-removal experiments. It would be ex- 
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pected that where pits contain alternate layers of copper and iron 
oxide, the two-stage treatment employed would not necessarily 
clean the pits. 

Concerning Mr. Dick's thought that 380 lb of copper removed 
from the Logan boiler represents the accumulation of many years, 
the authors believe that the total copper carried to the boiler ac- 
tually was much greater than this. Undoubtedly much was re- 
moved in sloughed-off material during the several acid cleanings, 
and in the turbining of wall tubes on several occasions. However, 
a problem requiring serious consideration is the reduction of cop- 
per carried to the boiler. Powell" has reported the influence of 
some of the factors which affect copper pickup in the cycle. 

Mr. E. B. Powell outlines many aspects of the picture that 
must receive study to permit an understanding of what controls 
the quantity of copper carried to the boiler and its deposition on 
internal surfaces. The authors plan to contribute to such inves- 
tigations and hope that others will do likewise. 

Messrs. 8. T. Poweil and Rummel quite logically point out that 
the cost of the copper-removal operation might be influenced to a 
considerable degree by the ratio of the volume of the boiler to its 
rating. This same relationship might well be considered also in 
limiting the concentration of copper taken into solution by the 
copper solvent from the standpoint of possible replating. The 
cost reduction from a lower volume-rating ratio might at least be 
partially counterbalanced by a need for higher concentrations of 
splvent chemicals. 

The authors’ conclusions concerning the mechanism by which 
copper is plated during acid cleaning conform to those expressed 
by Mr. Roberts. His suggested use of sulphuric instead of hy- 
drochloric acid warrants consideration even though it is somewhat 
hazardous to handle and would complicate temperature control 
during dilution. The many reducing agents tested by the authors 
for retarding the action of ferric iron in causing copper to dis- 
solve, proved to be comparatively ineffective. Formaldehyde, 
however, was not studied, 

A single-stage solvent made by adding iron sulphide to the acid 
cleaning solvent for taking copper into solution and precipitating 
it as a sulphide, as suggested by Mr. Roberts, deserves study both 
as to its effectiveness and to establish the ease with which the 
copper sulphide can be mechanically removed from the boiler. 
His indication of the need for a cheaper solvent than ammonia- 
ammonium persulphate for removing plated copper, if plating can- 
not be prevented, is most pertinent. Preliminary experiments 
with ammoniaca] solution of cupric acetate suggested by Mr. 
Roberts look promising. 

The authors wish to express their appreciation to the discussers 
for their many contributions toward helping to solve the problem 
of removal of copper in power boilers. It is hoped they and others 
will be inspired to continue this research and to report their find- 
ings. 

4 “Causes, and Prevention of Iron Oxide in Boilers,” by 8. T. 
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By T. E. PURCELL! ano S. F. 


The demand for pramapee the ability to reach 
otherwise inaccessible areas, and the speed of the process 
_ have been largely responsible for the acceptance of acid- 
cleaning of high-pressure, high-heat-input boilers. It 
_ provides a convenient method with a minimum of labor 
for removing rust and mill scale from new boilers and 
water-formed insoluble deposits from old ones. Despite 
its recognized undesirable features, inhibited hydrochloric 
acid is generally used for this purpose. Because of the 
limitations and adverse effects of hydrochloric acid, which 
were quite evident during the authors’ experience in the 
cleaning of two boilers, the possibility of using phosphoric 
acid for boiler cleaning was investigated in the laboratory. 
These experiments demonstrated that inhibited phos- 
phoric acid is a good solvent without the unfavorable 
properties and characteristics of inhibited hydrochloric 
acid. Guided by the results of this study, inhibited phos- 
phoric acid was used successfully for removing rust and 
mill scale from a new boiler. 


Acip 
r I NHE comparative properties of phosphoric and hydrochloric 


acids, of importance in boiler cleaning, are summarized in 

Table 1. The principal advantage of phosphoric over hy- 
drochloric acid is that it can be boiled in the unit by direct firing 
of the boiler with negligible attack on the metal, This is possible 
because the inhibitor is effective at these temperatures. In addi- 
tion to the beneficial washing action, the resulting natural circula- 
tion promotes distribution and provides a sufficiency of acid at 
the desirable locations at all times. Furthermore, the boiling 
operation sends solutions into certain regions at the top of the 
boiler which otherwise could not be reached except by recircula- 
tion with an elaborate system of internal baffling. By contrast, 
inhibited hydrochloric acid can be used only at temperatures be- 
low 150-165 F. Above this temperature, the effectiveness of the 
inhibitor decreases with progressively more severe attack of the 
boiler metal. With hydrochloric acid, the acid-cleaning process 
must consist either of “soaking” or recirculation with external 
heating. External heating by steam jets or heat exchangers in- 
creases the complexity and the cost of the cleaning operation, 
while attempts to utilize the sensible heat of the furnace and boiler 
without recirculation would introduce hazards of imperfect mix- 
ing, acid excess or deficiency, corrosion due to hot spots, and the 
possibility of inadequate cleaning. 

Stability. Wydrochloric acid is the gas, hydrogen chloride, dis- 
solved in water. Even at room temperature, hydrochloric-acid 
vapors leave the solution and as the temperature is increased to 
that encountered in boiler cleaning, the rate of decomposition be- 
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TABLE 1 


y OMPARISON OF HYDROCHLORIC AND PHOSPHORIC 


CID8 AS BOILER-CLEANING SOLUTIONS 


Hydrochloric acid 
Strong acid 
HCl, @ gas dissolved in water 
Unstable, gives off corrosive HCl 
vapor which attacks metal above 
solution 
ay not effective above 150- 


metal when used 


or me- 
chanical recirculation 
Promotes after-rusting 
Corrosive acid fumes pervade plant 


Versus 


Phosphoric acid 
Weak acid 
H a solid dissolved in water 


table, gives off no acid vapors ~4 


Inhibitor effective at 212 to 220 F 
220 F 


Can be boiled; permits direct firing, 
utilizing natural circulation 

Prevents after-rusting 

Nonfuming 


atmosphere, requires ventilation 


comes appreciable. Since the inhibitor remains in the solution, 
its benefits do not extend to the vapor; thus the metal surfaces 
of drum, safety valves, boiler and superheater tubes above the 
level of the cleaning solution are exposed to corrosive uninhibited 
hydrochloric acid. While the valves may be protected by their 
removal! and superheaters by isolation or filling with condensate, 
there are always some regions that are beyond protection. 

During the cleaning operation with hydrochloric acid, invaria- 
bly, HCl vapors pervade the plant atmosphere. These fumes 
are not only corrosive to power-plant equipment, meters, and ex- 
posed metalwork, but also are toxic to plant personnel. In warm 
weather, ventilation may not be a serious problem, but in sub- 
freezing temperatures, as during the authors’ first acid-cleaning 
experience, the adverse effects of the fumes were noticed through- 
out the plant. 

Phosphoric acid, by contrast, is a solid dissolved in water. It 
is extremely stable even at temperatures well above the boiling 
point of the solution used and therefore presents no corrosive or 
noxious-fumes problem. 

After-Rusting. After-rusting of metal surfaces is a most unde- 
sirable characteristic of hydrochloric -acid cleaning. The freshly 
cleaned metal surfaces react rapidly with the atmosphere to form 
rust, especially in a moist condition. Even in the laboratory, a 
metal specimen which is rinsed rapidly with distilled water fol- 
lowing acid-cleaning, then dipped in alcohol and dried, will sub- 
sequently rust. Hydrochloric acid possesses no passivating or 
film-forming properties. Call* experimented with chromate solu- 
tions and a 0.5 per cent phosphoric acid after boil-out to prevent 
the after-rusting. The authors tried these and other methods, 
including chelating agents and inert atmospheres for acid dis- 
placement, with reduction but not elimination of the rusting 
conditions. The more extensive work of Cardwell* essentially 
has: onfirmed these findings. 

It was the early work of Call,’ the general passivating charac- 
teristics of phosphoric acid, and the experiences of the German 
Navy with cold 35 per cent phosphoric acid which prompted the 
authors’ study of phospheric acid for the cleaning process. It 
was found that a 5 per cent inhibited phosphoric-acid solution 
boiling at atmospheric pressure gave good deposit removal, negli- 
gible attack of metal and a surface resistant to rusting. 

* Private communication and also reported tc Power Station Chem- 
istry Subcommittee, Prime Movers Committee, Edison Electric In- 
stitute. 

*“Prevention of Black Iron Oxide Deposits Following Chemical 
Cleaning,”” by P. H. Cardwell, Proceedings of the Midwest Power 
Conference, vol. 12, 1950, p. 147 
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CLEANING OF A New Borter Unit 
Description. The No. 3 boiler unit at the Frank R. Phillips 
Power Station isa Foster Wheeler twin-furnace-type steam gen- 
erator, equipped with water-cooled furnace walls, radiant and 
_ convection superheaters, economizer, and air preheaters. A cross 
section of the boiler is shown in Fig. 1. The boiler is fired by 
pulverized fuel using two Hardinge ball-type pulverizers and 
twelve vertical intervane-type burners. 
The boiler is rated at a normal steaming capacity of 600,000 Ib 
per hr. It is designed for a maximum output of 700,000 Ib per 
hr and a maximum working pressure of 1100 psi. The normal 
operating steam pressure and temperature are 900 psi and 900 F, 
respectively, at the convection-superheater outlet. 
The total saturated heating surface in the boiler unit is 23,286 
sq ft of which 10,996 sq ft is boiler heating surface and 12,290 sq ft 
_ is in the water-cooled furnace walls. The other heating surfaces 
are: Radiant superheater, 2160 sq ft; convection superheater, 
15,600 sq ft; economizer, 13,800 sq ft; and Ljungstrém air pre- 
heater, 161,600 sq ft. The total effective furnace volume is 35,- 
- 000 cu ft. The water required to fill No. 3 boiler to the normal 
_ operating level which is 6 in. below the center line of the drum is 
158,000 Ib. 
Since it was anticipated that this boiler would be acid-cleaned 
at some time, sufficient drains were provided to empty the boiler 


in. vent from the remaining safety-valve flange was connected 
through a 250-lb gate valve to the roof. 

(c) All blowdown valves were connected to a temporary 2-in. 
tie line, one branch of which was connected to the suction side of 
the circulating pump and the other branch discharged to the ash- 
sluice treach. This arrangement permitted circulation of the al- 
kaline cleaning solution through the economizer when boiler pres- 
sure was below 50 psi and continuous circulation of acid solutions 
during this phase of the operation. The phosphoric-acid solu- 
tion was heated and circulated in the boiler by use of oil torches 
in the furnace. These are part of the regular equipment used in 
starting the boiler. The pump was necessary only for circulating 
the solution to the economizer. The mixing of the acid and 
feeding by gravity into the boiler proper could have been done 
just as easily by locating the tank at the economizer level. 

(d) During the acid boil-out only, to protect the superheater 
from acid solutions and overheating, condensate was admitted to 
the radiant-superheater intermediate header to fill both the radi- 
ant and convection superheaters. Sufficient flow was main- 
tained through the radiant superheater to provide continuous 
overflow from the convection-superheater outlet-header drain as 
long as fuel was being burned in the superheater furnace. 

Strong Alkaline Boil-Out. The method of introducing chemi- 
cals was the same for all operations. Treated water drained by 
_ into the mixing tank, where chemicals were added, and 


TABLE 2 QUANTITY AND COST OF CHEMICALS USED FOR CHEMICALLY CLEANING 
NEW BOILER 


Chemical 
Trisodium phosphate................ 
hosphorie acid 
NEP No. 22 
Phosphorie acid 


Tetrap 
Potassium hy droxide. . 
Potassium sulphite 

otal cost of chemicals. 


_ completely frem normal level in less than 1 hr. After the acid boil- 
out, during which both the economizer and the steam space of the 
drum were filled, it required just over 60 min to drain the boiler. 

The chemical-cleaning procedure consisted of the following 
steps: 


(a) Alkaline boil-out at an average pressure of 244 psi for a 24- 
_ hr period, using trisodium phosphate and sodium sulphite. 
(b) Acid boil-out at atmospheric pressure for an 8-hr period, 
using inhibited phosphoric acid. 
(c) Alkalizing and surface-conditioning boil-out at an average 
_ pressure of 246 psi for a 12-hr period, using tetrapotassium pyro- 
_ phosphate, potassium hydroxide, and potassium sulphite. 


The chemicals used and their cost appear in Table 2. 
The water used for the boil-out operation was “treated water” 
_ and condensate. The treated water is Ohio River water clarified 
by coagulation with ferrous sulphate and caustic soda in sludge- 
blanket-type equipment followed by filtration through anthrafilt. 
A schematic diagram showing the special drain and recircula- 
tion piping for the cleaning operation is shown in Fig. 2 
Preparation and Changes to Boiler and Piping: 
(a) Sheet-metal baffles were installed over the radiant super- 
__ heater tubes to protect them from direct radiation of the oil fires 
during the acid boil-out when steam was vented directly from the 
_ drum to the atmosphere. 

(b) All safety valves were removed. The flanges on three su- 
perheater safety-valve connections and one drum safety-valve 
connection were blanked. A temporary safety valve set at 275 
Ib was installed on one of the drum safety-valve flanges and a 3- 
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the resulting solution was pumped through the boiler fill line, the 
boiler feed line, and economizer to the boiler. Condensate when 
used was fed through the boiler fill line; under these circum- 
stances the solution from the mixing tank was more concentrated 
to allow for dilution by the condensate. 

For the strong alkaline boil-out a solution of trisodium phos- 
phate and sodium sulphite, prepared at the mixing tank with 
treated water, was boiled in the unit for 24 hr at 250 psi. When- 
ever the pressure was below 50 psi, the solution was circulated 
through the economizer, the 50-psi limitation being imposed by 
the pump available. 

The trisodium phosphate was selected for the alkaline boil-out 
because of its proved superiority to plain caustic as a detergent 
and the authors’ conviction that silicates and caustic have no 
place in the high-pressure boiler. Sodium sulphite was used to 
react with the dissolved oxygen in the undeaerated water and to 
provide reducing conditions during the boil-out. Samples of the 
solution taken near the end of the operation analyzed 550 ppm 
PO,, 50 ppm SOs, and pH 11.4. 

The strong alkaline boil-out was followed by a rinse, wherein 
the boiler was filled and drained, using both treated water and 
condensate. The condensate was used to reduce filling time. 

Phosphoric-Acid Boil-Out. The purpose of the acid cleaning 
was to remove rust and mill scale from the boiler surfaces. The 
action was prompted by the hydrostatic tests with treated water, 
the intervals when the moist surfaces wete open to atmospheric 
rusting, the probability of rusting during shipment, storage, and 
erection, especially during cold winter months when condensa- 
tion is prevalent and drying rate very slow, and the observation 
that mill scale and rust were noted in visible portions of the boiler. 
The quantity of such rust and seale may be considered by some 
as of no consequence; however, a simple computation shows that 
an iron-oxide scale 1 mil thick over the more than 40,000 sq ft of 
metal surface would weigh more than !/, ton. 

A solution of commercial phosphoric acid, #5-per cent HsPO, 
and NEP No. 22 inhibitor prepared at the mixing tank with 
treated water was pumped into the condensate flowing in the 
boiler fill line. The resulting mixture of acid, inhibitor, treated 
water, and condensate was boiled in the unit for 8 hr at atmos- 
pheric pressure; the steam was vented to the atmosphere, and the 
solution was recirculated continuously through the economizer. 

Because of loss of acid due to a leaking gasket at one of the 
steam-drum manholes, periodic blowdowns to remove suspended 
material, and several handhole-gasket leaks, the acid strength 
was somewhat below 5 per cent H;PO, and was further reduced 
by consumption during the boil-out. The acid concentration im- 
mediately before the start of the boil-out was 4.6 per cent; at end 
of boil-out, 3.4 per cent. 

The acid solution at the end of the boil-out contained more 
than 4000 ppm Fe in solution, this being the equivalent of 
more than '/: ton of FesQs. 

Acid Rinse. The acid rinse is an important phase of any acid- 
cleaning operation whether with hydrochloric or phosphoric 
acid. When a boiler is drained at the end of the cleaning opera- 
tion, the thin film of residual solution, containing several thou- 
sand ppm of dissolved iron, can result in a considerable quantity 
of iron precipitate when mixed with either neutral or alkaline 
rinse solutions. An acid rinse dilutes this iron-rich film and 
tends to retain the iron in solution so that on draining most of 
the iron derived from deposits is removed from the boiler. 

Immediately following the draining of the 5 per cent acid solu- 
tion from the boiler, the boiler was filled with a 0.1 per cent H,PO, 
solution in the same manner as was employed for the original acid 
and then drained. 

Alkalizing and Surface Conditioning Boil-Out. The final step 
of the cleaning operation consisted of an alkaline treatment for 
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the purpose of neutralizing the residual acid and conditioning of 
the metal surfaces. To accomplish the latter, a boiling-out proc- 
ess is believed essential as explained elsewhere.* 

The boiler was blown down regularly and cyclically at all 
blowdown points. At the end of the boil-out, the pressure was 
permitted to drop normally to 20 psi when all blowdown and 
drain valves were opened and the boiler drained completely and as 
quickly as possible. 

The specified conditions for this boil-out were to be 200 ppm 
PO,, pH 11.0-11.2, and 10 ppm SO, using potassium chemicals. 
Due to the residual acid remaining in the boiler and, undoubt- 
edly, some iron phosphate, the potassium-hydroxide requirement 
to secure the required pH of 11+ was quite high (approximately 
75 ib). During this boil-out, the PO, concentration increased to 
550 ppm without further additions of phosphate chemicals. 

Potassium chemicals were used in this phase of the operation be- 
cause the boiler was to operate with these chemicals when in 
service. 

Inspection. After the final alkalizing boil-out, the visible metal 
surfaces of the boiler drums, tubes, and headers were clean, exhib- 
iting the gray color of pickled steel. No rusting was seen in any 
location. There was no pitting evident except on the hand-hole 
caps where slight etching had occurred under the periphery of the 
seating surface for the stainless-steel gaskets. The condition was 
not serious but was notably more prevalent on the caps of the 
upper headers. This observation led to some laboratory work on 
gasket corrosion described later. Specimens of boiler tube which 
were placed in both the steam and mud drums just prior to the 
acid boil-out were in excellent condition and showed a negligible 
loss of metal with maximum calculated penetration of 0.0004 in. 
Several bushels of flaky mill scale and deposit, mixed with addi- 
tional miscellaneous debris, were removed from the lower regions 
of the boiler. 

It is noteworthy that when the boiler was placed in service, the 
boiler water was clear and free of suspended iron oxide whereas 
the two boilers which were cleaned with inhibited hydrochloric 
acid were troubled with black boiler water. 


LABORATORY INVESTIGATION 


The laboratory work was done in glass vessels using 1-in-square 
‘YV/-in-thick boiler-tube sections. The tests covered the 
use of hydrochloric as well as phosphoric acid with various con- 
centrations, inhibitors, and other additions followed by an assort- 
ment of rinses. 

The weight-loss test specimens were cleaned thoroughly in 
both organic solvents and acid-pickle solutions. Those used to 
determine efficiency of cleaning were scaled in a muffle furnace at 
750 C and furnace-cooled. Those used in rusting tests were de- 
greased but otherwise in “‘as-received’’ new tube condition. 

Laboratory Tesis. The after-rusting of hydrochloric-acid- 
cleaned specimens could not be prevented by the following, 
either singly or in combination: 


Either alkaline or neutral phosphate rinses. 

Chromate solutions as rinses or as after-soaking treatments. 

The use of nitrogen for acid displacement and drying. 

Weak phosphoric-acid rinses. 

Inhibited phosphorie-hydrochloric acid mixtures as clean- 
ing solutions. 


The parallel tests using scaled specimens with boiling phos- 
phoric-acid cleaning solutions in concentrations of 1, 2,3, 5, and 10 
percent by weight H,PO,, followed by either air-drying or a 0.1 per 
cent phosphoric-acid rinse, then air-drying, were yielding rust- 
free specimens. The tests similarly indicated that the simulated 

* Corrosion Handbook Sponsored by the Electrochemical Society, 
John Wiley & Sons, New York, N. Y., 1948, p. 524. 


‘A, 

- 

a 

By. 

3 

a 
= 

| var” 


PURCELL, 


mil] seale formed on specimens prior to test by heating in a muffle 
to 750 C, while removed completely, was not kept in solution by 
acid concentrations below about 2 per cent residual. From this 
it was evident that an initial acid strength of 4 to 5 per cent would 
be necessary in the boil-out operation to compensate for the er- 
rors in computed capacity of the boiler, economizer, and piping, 
the consumption of acid by scale dissolution, leakages, and other 
losses generally incidental to a boil-out operation. 

Phosphoric acid had demonstrated a satisfactory cleaning 
ability and yielded a rust-resistant surface; however, many of 
the acid-cleaned specimens showed pitting and corrosion that were 
associated with acid attack. Weight-loss tests showed that 
the uninhibited acid was quite aggressive but that the attack 
could be controlled by an inhibitor. The results of the tests with 
different inhibitor and acid concentrations appear in Table 3. 


BLE 3 


TA ATTACK METAL BY PICKLE 
SOLUTIONS; 


RESULTS OF LABORATORY TESTS RUN FOR 6 HR 
AT ATMOSPHERIC BOIL ING. ; 

1 1 '/cin. 

Inhibitor,* 


wt, 
per cent Remarks 
0.00 Precipitate formed in 1 hr, 
restored to original hourly 
0.00 Precipitate formed in 2 = acidity 
restored to original every 2 hr 
0.10 No precipitate 
0.25 No precipitate 
0.00 Precipitate formed in 3 hr, acidity 
0.10 
0.25 


wt, 
per cent 


to 


0.02 
13.70 

restored to original 
0.01 No precipitate 


No precipitate 


oo 


(gain) 


e Inhibitor i in laboratory tests and field trial was NEP No. 22, a proprietary 
product of the Wm. M. Parkin Company, Pittsburgh, Pa. 


An inhibitor concentration of 0.1 per cent appeared to be suf- 
ficient, but in view of the much larger ratio of metal area to solu- 
tion volume in the boiler, a 0.2 per cent concentration was used for 
the actual boil-out to insure inhibitor sufficiency. 

NEP No. 22 inhibitor used throughout our laboratory tests and 
field trial is a proprietary product selected on the basis of familiar- 
ity and previous experience. 

Gasket Corrosion. It was observed at the final inspection of 
the boiler that the handhole caps on the headers were slightly 
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pitted and etched in a band about '/j¢ in. wide adjacent to the 
outer edge of the gasket seating surface. Beyond the etching 
there was a band of clean metal to the edge of the cap. The gas- 
ket was stainless steel; consequently, it was suspected that an 
electrochemical couple between steel and stainless steel resulted 
in anodic attack of the steel. 

The pitting was investigated in the laboratory by a special 
test, wherein a section of gasket and a polished surface of hot- 
rolled steel were clamped together and immersed in acid cleaning 
solutions. The tests indicated that pitting is encountered with 
stainless gaskets in either hydrochloric or phosphoric-acid solu- 
tions; the pitting was more severe with 5 per cent inhibited hy- 
drochloric-acid solutions at 140 F than with corresponding phos- 
phoric-acid solutions at 212 F. Likewise, the amount of attack 
with stainless-steel gaskets was invariably much greater than 
with Armeco-iron gaskets. The composition of the gasket ap- 
pears to be more important than the acid used. The combina- 
tion 5 per cent HCI, 0.1 per cent inhibitor, Armco iron, yielded less 
attack than 5 per cent H,PO,, 0.5 per cent inhibitor, stainless steel. 
The least attack of the base metal was obtained in tests using the 
combination 5 per cent H;PO,, 0.2 per cent inhibitor, Armco iron. 

All of the foregoing tests were made using the NEP No. 22 in- 
hibitor at 140 F for hydrochloric-acid solutions and at atmospheric 
boiling for phosphoric-acid solutions. 


CoNncLUSIONS 
Phosphoric acid is a good solvent for acid-cleaning of boil- 
ers. 

2 Inhibited phosphoric-acid solutions can be boiled at at- 
mospheric pressure with negligible attack on the boiler metal, thus 
permitting the solution to be heated and circulated by normal 
low-level firing of the boiler. 

3 Phosphoric-acid solutions are stable at atmospheric boiling 
and yield no corrosive vapors above the solution or noxious fumes 
in the plant. 

4 Boiler surfaces cleaned with phosphoric acid are resistant 
to rusting. 

5 Following the cleaning of a new boiler with inhibited phos- 
phoric acid, the boiler water during subsequent initial operation 
was clear and free of black-iron-oxide suspensions. 
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- moment and the load moment. 


By W. S. ROUVEROL,' 


The design of spring counterbalances for commercial 
purposes customarily has involved a sacrifice in accuracy 
for the sake of simplicity and economy. Overhead garage 
doors, automobile trunks, pipe hangers, and many other 
such products are ordinarily provided with a simple form 
of spring loading which produces true equilibrium at 

- some central position but 10 to 15 per cent over or under- 
balancing at the extreme positions. This paper shows 
that this compromise with real accuracy is unnecessary 

_ and describes a method for attaining perfect full-rotation 

counterbalancing by the proper connection of a standard 


F a body is too ae or bulky to be carried conveniently by 
hand, the simplest way to move it a short distance is to 
hinge it to a stationary frame. As a rule, a vertical axis of 

rotation is employed, enabling the body to be swung freely into 
or out of position, as in the case of a hinged door. If the axis 
cannot be vertical, because of the orientation of the supporting 
frame, the space limitations, or the shape of the body, a hon- 
zontal or tilted axis may be used; this, however, immediately 
introduces the problem of the tendency of the gravitational force 
to rotate the body downward. To offset this tendency, the 
weight of the body must be balanced, either by counterweights or 
a spring counterbalance. 

Counterweights have the advantage of producing perfect static 


__ equilibriuin at all angles of elevation of the load, but the great 


- dead weight and rotational inertia have come to be considered 
undesirable in an increasing number of commercial items. Over- 
head garage doors, pipe hangers, automobile hoods and trunks, 
vertical drafting machines, ete., are typical examples of products 
now being balanced by springs rather than by counterweighis, 
despite the fact that the prevailing method of spring loading pro- 
vides only approximate balancing. 

The spring balance normally employed consists merely of a 
standard helical extension spring attached directly between the 
lever arm of the load and a fixed point on the frame. The height 
of attachment of the fixed end of the spring, and the spring 


- modulus, are in this case chosen so as to produce static equilibrium 


at some mean position of the load. As the load is moved up or 
down from this mean position, however, the geometry of the 
system causes an increasing disparity between the spring-force 
The use of excessive friction in 
the pivot to overcome this disparity is normally not satisfactory, 
since the presence of a frictional moment sufficient to overcome 
an unbalance in one direction doubles the resistance to move- 
ment in the opposite direction. 

The failure of these simple spring-loading systems to provide 
equilibrium at all positions is due to the fact that the line of action 
of the load, which is usually simply the weight of the body acting 

' Lecturer in Engineering Design, College of Engineering, Uni- 
versity of California. 

Contributed by the Machine Design Division and presented at the 
Semi-Annual Meeting, St. Louis, Mo., June 19-23, 1950, of Tae 
American Society oF MecHANIcaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, No- 
vember 16,1949. Paper No. 50—SA-6. 
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downward through its center of gravity, remains parallel to itself, 
while its effective lever arm changes as a function of the angle of 
elevation. As the body is rotated, the load moment therefore 
must vary sinusoidally. The force exerted by a standard helical 
balancing spring, on the other hand, varies linearly with de- 
flection. It is the reconciliation of this linear spring char- 
acteristic with the sinusoidal load moment which must be ac- 
complished if accurate balancing is to be provided. 

A number of different mechanisms have been devised to effect 
such a reconciliation, utilizing kinematic linkages, cam arrange- 
ments, or nonlinear springs. Unfortunately, however, the com- 
plexity of these devices has made their manufacture so expensive 
that commercially they have been unable to offer serious com- 
petition to the inexact but simpler type of direct spring loading. 
Even where the inaccuracies inherent in direct spring loading are 
as conspicuously undesirable as they are in overhead garage 
doors, devices affording more exact balancing have had to be by- 
passed for economy’s sake. It is therefore evident that an im- 
proved spring counterbalance of practical value must, in ad- 
Hition to reconciling the linear and sinusoidal characteristics, meet 
a second condition of having a cost more or less comparable to 
that of simple spring loading. 

The following analysis suggests a balancing system which ap- 
pears to meet these qualifications. A standard helical spring is 
utilized in such a way as to produce perfect static equilibrium at 
all angles of elevation of the load, and the mounting of this 
spring is only slightly more involved than in the simplest type of 
direct spring loading. 


ANALYSIS 


Fig. 1 shows a body pivotally connected to a supporting frame 
at point A, about which the body may be rotated in a vertical 
plane; B is the point at which a load of constant magnitude and 
direction is applied. The load may be external, as in a pipe 
hanger, or may be the weight of the body itself, in which case 
point B is the center of gravity. 

To balance the tendency of this load to cause clockwise rota- 
tion, some form of spring device, to be referred to as “the yielding 
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means,” will be attached to the body at point C, and to the sta- 
tionary frame at point D. The exact location of these two points, 
as well as the load-deflection characteristic of the yielding 
means, are assumed for the present to be unknown. The direc- 
tion of force F, which the yielding means exerts on the body at 
point C, is necessarily toward point D, however. 

For perfect counterbalancing, the clockwise and counterclock- 
wise moments about point A must be equal for all values of angle 
a; the equilibrium equation is then 


W-b-cosa = F-<h.... 


Of the three variables in this expression, which are the angle of 
elevation a, the spring force F, and its moment arm A, it is pos- 
sible to eliminate one by noting the relation between a@ and h, 
as obtained by equating two expressions for the area of triangle 


h-S d-e-sin [y + — a — 
2 


siniw/2 — (a + 8 — 


d-e¢-cos (a + 8 — 7) 


The substitution of this value into Equation [1] gives 


W-b-A-cosa@ 


Fe 
c:d-cosla + 8B — y) 


{3} 
By proper location of point D, angle y in this equation may be 
made equal to angle 8. The cosine terms_will then cancel out, 
leaving an expression for the spring force F in terms of a single 
variable A 


(4) 


It is evident from this equation that the force F required for 
perfect counterbalancing is directly proportional to a linear dis- 
tance A between the two points of attachment of the yielding 
means. A spring with a linear load-deflection characteristic 
therefore can be used, provided the force it exerts is directly pro- 
portional to the distance between its points of attachment. This 
requires that the distance between points C and D be at all times 
a direct measure of the total spring deflection. It is this re- 
quirement which makes it impossible to achieve correct balancing 
merely by attaching an extension spring between points C and D, 
for in this case part of the space between these points would have 
to be occupied by the free length of the spring. 

To satisfy Equation [4] the yielding means must fulfill two 
conditions: it must have a spring constant equal to W-b/c-d, and 
it must have zero initial length. The first condition is easily 
met, since distance d may be chosen arbitrarily. Any spring 
may be used which is capable of storing as strain energy the dif- 
ference in potential energy of the body at its upper and lower 
positions. Obviously, from an economy standpoint, it will be 
advantageous to have a minimum of strain energy in the spring 
when the body is at the top position. This may be accomplished 
by making the arbitrary distance d as nearly equal to c as dead- 
center and clearance considerations will permit, so that the dis- 
tance A, and hence the force F, will approach zero when the body 
is at top dead center. 

The other condition, that the yielding means have “zero 
initial len 
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nevertheless may be met easily. For example, if a compression 
spring is to be used, a tie rod of effective length equal to the free 
length of the spring may be passed through the center of the 
spring, as shown in Fig. 2. The spring is thus constrained be- 
tween a plate or washer at one end of the tie rod and a collar pivot- 
ally mounted at point D. The tie rod is passed through the collar 
and its free end pivotally attached at C. The collar normally 
will have some effective thickness g, as shown, so that the length 
f, of the tie rod between the washers and point C, must equal the 
free length of the spring plus the collar dimension g. Then, if the 
yielding means is detached from point C, and the spring allowed to 
expand to its free length, the end of the tie rod previously at- 
tached at C must pull back to a point immediately adjacent to 
point D. This is what is meant by zero initial length. 


Fic. 2. Movet or a Loapep Memper CounTERBALANCED BY A 
Yretpinc Means or Zero Lenctu 


Fic. 3  Mopet or a CountersaLancine Device To Give Straicut- 
Line Motion or THe Loap 


It should be noted in the construction of Fig. 2 that the angles 
8 and y of Fig. 1 have been taken as zero; this is of course arbi- 
trary, the only requirement being that they be equal. Fig. 2 
also shows a slot at D, the function of which would be to accom- 
modate changes in the Joad or in the length of its lever arm, or 
both. For any given load and lever arm, the pivot point D 
would be locked in the slot at a distance d equal to W-b/ck, 
where k is the spring modulus. This adjustability slot is of 
course an optional feature, of value chiefly in such articles as pipe 
hangers, to permit a single commercial model to be easily adapted 
to a variety of loads. It should also be noted that such an ad- 
justability slot could be located at point C instead of D, and that 
the yielding means could be reversed, with the collar mounted 
at C instead of D, if desired. In addition, if the dimensions c and 
d are chosen so as to provide clearance at top dead center, the 
body may be rotated through a complete revolution, or several 
revolutions, in either direction, exhibiting perfect balance at any 
point in the 360 deg of travel. 
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If two devices such as shown in Fig. 2 are connected in series, 

with the lower one inverted, the resulting mechanism provides 
for straight-line motion of the load. This arrangement is 
shown in Fig. 3. A load hung from such a mechanism will re- 
main suspended at any desired elevation and may be moved up 
or down in a vertical line by application of only enough force to 
overcome friction and inertia. Since the device is accurate for 
any angle of rotation of its arms, the total permissible travel will 
be 4 times the length of the arm b, provided interference is elimi- 
nated by locating the members in different planes. In practice, a 
pipe hanger embodying this principle would need arms only 
1 or 2in. in length constructed as cranks or eccentrics. 

If an extension spring is to be used, instead of a compression 
spring, as shown in Figs. 2 and 3, the tie rod must be replaced by 
- a column of suitable slenderness ratio. For example, the spring 
may be encased in a cylindrical tube of length equal to the free 
length of the spring, with proper guidance provided to keep the 
tube colinear with the portion of the spring drawn out of the open 
end of the tube. 

It should be noted that the types of yielding means described 
and shown in Figs. 2 and 3 will tend to throw a small degree of 
unbalance into the system because the weight of the spring itself 
has not been taken into consideration in the equilibrium equation. 
This moment due to the unbalance of the yielding means normally 
will be much smaller than that due to the load, but in order to 
attain perfect balancing it should be eliminated. One method of 
doing this is to employ two identical compression springs of 
modulus 2:W-b/e-d, one at each end of the tie rod, with collars 
at both points C and D. The yielding means will thus be per- 
fectly symmetrical, so that one half its weight will bear vertically 
at C at all times and may be balanced as part of the load. Or, if 
an extension spring is used, the cylinder in which it is encased 
may be made up of two segments, one of which is small enough in 
diameter to telescope into the other; a slot on each side of the 
larger cylinder will permit bosses on the mid-point of the inner 
cylinder to serve as points of attachment. 

A far more desirable method of eliminating the smal] unbalance 
due to the weight of the yielding means, however, and one which 
will not increase the cost of the mechanism, is to take the weights 
and moment arms of all of the various parts of the yielding means 
into consideration in setting up the equilibrium equations. For 
example, referring to Fig. 2, the weight of the spring, tie rod, 
washer, bolts, and collar all tend to produce a vertical upward 
reaction at C contributing to the counterclockwise moment. 
This upward force may be expressed mathematically as a summa- 
tion of the effects due to each of the parts of the yielding means. 
When calculated, this summation will be found to include several 
terms which, like the spring force, are functions of the variable 
distance A between points C and D, as well as several terms which 
are independent of A, 

In order to satisfy the more elaborate equilibrium equation so 
obtained, it will be necessary to alter slightly the zero initial 
length by making the effective length of the tie rod slightly longer 
than the free length of the spring. That is to say, if the yielding 
means were to be detached from point C, the end of the tie rod 
would no longer pull back to a point immediately adjacent to 
point D, but instead to a point a short distance ahead of point 
D. If this distance is called r, the total spring deflection be- 
comes 2 — r, and the spring force is 


F = k(A—r).... 
Substituting this value for the spring force into the equilibrium 
equation and collecting terms, an expression in the following form 
may be obtained 
(X — kd)A + Yr 


where X, Y, and Z are all summations of several terms involving 
only the constants of the system such as fixed dimensions and 
weights. The only variable in this equation is 4, which changes 
with the angle of elevation of the body; hence the equation can 
be true for all A’s only if the coefficient of 4 of zero; from this 
fact the expression for d is obtained 


=z 


d= [7] 
The remainder of the equilibrium equation, Yr — Z = 0, deter- 
mines the requ red initial length of the yielding means 


The satisfying of these two relationships will provide perfect 
counterbalancing for systems employing either extension or com- 
pression springs. It perhaps should be noted, however, that if an 
extension spring with some initial tension / is used, Equation [5) 
will become 


+. 


If this value for F, instead of the simpler expression of Equation 
[5], is subst'tuted into the equilibrium equation, one additional 
term will appear in the Z-summation of Equation [6], and the 
value of r will be increased proportionately in accordance with 
Equation [8]. The presence of initial tension in the spring, 
therefore, will add no particular complication to the design. 
When Equation [8] is written out with the full Z and Y-sum- 
mations, it will be observed that the major component of the dis- 
tance r is attributable to the initial tension term in the numera- 
tor, even when the initial tension is comparatively small. 
Therefore it might be inferred that if the initial tension could be 
increased sufficiently, r could be made to approach the free length 
of an extension spring attached directly between points C and D. 
Unfortunately, the relationships between free length, spring 
modulus, and maximum obtainable initial tension are such that 
this simplification is not possible. 
Destcn ProcepuRE thine 


In the design of compression or extension-spring counter- 
balances embodying the foregoing principles, trial-and-error 
methods may be avoided by approaching the problem through the 
following procedure: 


1 Select a spring which is capable of storing as strain energy 
the difference in potential energy of the load in its extreme upper 
and lower positions. If the load must be rotated to top dead cen- 
ter, clearance considerations will require a spring of 10 to 15 per 
cent excess capacity. If a compression spring is used, it must be 
safe against buckling. Note the weight, free length, modulus, and 
maximum deflection of the spring selected. 

2 Design all parts of the yielding means. In a compression- 
spring system, the tie rod must be of sufficient stiffness to rotate 
the collar at D without excessive flexure. In an extension-spring 
system, attention must be given to the avoidance of possible bind- 
ing or buckling of the cylindrical case at maximum spring de- 
flection. When the various parts have been designed, their 
weights and the locations of their centers of gravity should be 
computed, 

3 Next, assign a dimension to the distance c. The correct 
choice for this dimension depends on both the angle through which 
the body must rotate and on the allowable deflection of the spring. 
As a rule, a satisfactory value for c is found to equal about 
one half the maximum spring deflection divided by the sine of one 
half the maximum angle DAC, which is the angle the body turns 
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For example, if the body must rotate down to bottom dead center, — 
the dimension ¢, should be one half the maximum spring deflec- _ asin 
tion. 
4 Write the equilibrium equation for the body at some angle — mh 
a, including moment components due to all parts of the yielding ‘ : 
means. Cancel out the cosine factor as in Equation [3], and sub- — 
stitute for the spring force F the expression of Equation [5] or a 
(9). Rearrange and collect terms into the form of Equation [6] _ 


? bcos 


to determine X, Y, and Z. Compute the distance d from —_. 


tion [7], and r from Equation [8]. 
5 Check the geometry of the system to insure that there is 
sufficient clearance when the body is in its uppermost ation 


and that the maximum deflection of the spring is not exceeded — 
If necessary, alter the © 


when the body is in its lowest position. 
dimension ¢ slightly and revise the computations of step 4 ac- 
cordingly. 

6 In the design of balancing systems for commercial products, 
it will normally be necessary to provide adjustment nuts at the 
end of the tie rod (or cylindrical case) and also a slot on the line 
AD, as shown in Fig. 2. The purpose of these features, other 
than to accommodate changes in load, is to permit small final 
adjustments to be made in the dimensions r and d at the time of 
assembly, to correct for the small variations in free length and 
modulus customarily encountered in commercially manufactured 
springs. These adjustments, the magnitude of which will de- 
pend upon the spring tolerances specified, may be made either 
empirically or by correcting the computations of the distances r 
and d made in step 4. 


Discussion 


M. F. Sports.? This paper should be of worth-while service to 
designers confronted with counterbalancing problems. By an 
ingenious arrangement of links, the author has shown how a 
pivotally mounted weight can be kept in static equilibrium regard- 
less of the angular position of the weight. In other words, a spring 
with a straight-line stress-strain relationship can be made to pro- 
duce a variable moment equal and opposite to that of the weight 
as it rotates on its pivot. Practical difficulties may arise at times 
in providing sufficient clearance for the spring and tie rod. These 
members may become rather large as compared to the size of the 
remainder of the mechanism. 

Springs with nonlinear load-deflection characteristics are fre- 
quently needed in mechanical equipment. Volute springs and 
blocks of rubber can be used where a spring of stiffness increasing 
with deflection is required. The Belleville spring can be propor- 
tioned to give a wide variety of stress-strain curves. One of the 
most useful is that one where a considerable range of deflection 
can be obtained at a constant load. A linear leaf spring can be 
made to give a nonlinear curve by mounting the ends in suitably 
designed shackles. 

Another case where a linear spring is made to give a nonlinear 
load-deflection curve consists of the torsion-bar spring frequently 
applied to vehicles. Such a spring with a Hickman type suspen- 
sion is shown in Fig. 4 of this discussion. The spring runs parallel 

to the frame of the vehicle; the far end of the spring is fixed to 
the frame and the near end is carried in a bearing attached to the 
frame. The near end of the spring is connected by splines to the 
torque arm OA. Shackle AB connects the end of the torque arm 
to a projection of the axle extending to B. If the pin at A should 
be removed and the spring be completely unloaded, the torque 
arm would assume position OA, at angle a with the horizontal. 
Point B is offset inwardly by amount « from the full radius r. 


2 Professor of Mechanical Engineering, Mechanical Engineering 
Department, Northwestern University, Evanston, Ill. Mem. 
SME. 
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Fic.4 Hickman Trex Mount or Torsion-Bar Spring 


Let P be the vertical load carried by the spring. Let angle @ 
represent the inclination of the torque arm with the horizontal, 
and angle ¢ represent the inclination of the shackle with the 
vertical. A relationship between angles @ and ¢, from Fig. 1(a), is 
seen to be 


The shackle, as a two-force member, must have a resultant load 
lying along AB. It will therefore be subjected to the loads shown 
in Fig. 4(6). Fig. 4(c) shows these loads transferred to the end 
of the torque arm at A. The torque about point O is equal to 


T = Pr cos @ + Pr sin @ tan ¢ 


The total angle of twist sustained by the spring is a + 8. By ele- 
mentary theory for the torsion of round bars 


T= +0) 


where J = polar moment of inertia for the cross section 
G = modulus of elasticity in shear for the material 
1 = effective length of the spring 


Equations [11] and [12] can be combined to give 


Pri (cos @ + sin 6 tan ¢) = JG(a + 86) 


Figure 4(a) shows that the axle travel y is equal to 
y= r sin 0 + b cos — Vb? —a? 


Equations [10], [13], and [14] permit the load-deflection curve 
of the spring to be plotted. Suitable values for # are chosen, and 
the corresponding values of ¢ are found by Equation [10]. Load 
P and axle travel y are then found by Equations [13] and [14]. 

Fig. 5 gives the load-deflection curve for a suspension of the 
following values: 

Spring diameter, d = 1.200 in. WEY: 


Effective length, = 120 in. 


= 0.2036 


d* 
Polar moment of inertia, J = 2 — 


Torque-bar radius, r = 6 in. 
Shackle length, b = 3 in. 
Offset, a = 1 in. 


Cex 
Ptan (a) _rcos@_ 
T 
P tan 7 ions 
= \47 i 
(b) = (c) 
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Initial angle, a = 45 deg 
Modulus of elasticity in shear, G = 11,400,000 psi 


d=120 
re6 
bs 3, 


4000 


2000 


Vertical Load Ibs. 


Down 3 4 in.Up 
Axle Travel y. Horizontal Position of Arm Taken as Zero 


Fie. 5 Loap-Der.ection Curve ror Torsion-Bar Sprine 


The manner in which the stiffness of the suspension increases 
with increase of load is shown by the curve. This is a desirable 
property for vehicle mounts since a heavy overload will continue 
to be supported by the springs without bottoming of the frame. 
In addition, the lengths can be proportioned so that the riding 
qualities will remain practically unchanged. The natural fre- 
quency of vibration of a heavy load and stiff spring can be made 
equal to the natural frequency of the vehicle when the load is 
light and the spring is soft. 
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F. Hrrscn.* Although they will be materially aided by Mr. 
Rouverol’s paper, design engineers concerned with counter- 
balancing systems might find desirable a further explanation of the 
following: 

(a) The dimensional limitations of d in Fig. 3 and the proper 
dimensional relation of d to b and c of Fig. 3. 

(b) Indication of the origin of the summations Y, Y, and Z 
occurring in Equations [7], and 

(c) Provisions for vertical and horizontal movement in high- 
temperature piping installations. 

(d) Provisions to be made for vibration isolation in piping in- 
stallations. 


” 8 Assistant Professor, Division of Engineering Design, College of 
Engineering, University of California, Berkeley, Calif. Jun. ASME. 


AvTHor’s CLOSURE 


ih The author would like to thank Professors Spotts and Hirsch 


_ their comments. Professor Spotts’ analysis of the Hickman 
type suspension adds some useful material to the paper. 
ad 


It might 
be well to point out that while the balancing method outlined in 
my own analysis could readily be altered to give a soft-spring type 

_ of suspension, for example, by making distance d slightly larger 

than the value given by Equation [7], there would seem to be 
little if any advantage in so doing. The characteristics of a good 
spring balance are not necessarily similar to those of a good vehi- 
cle suspension system, as the latter requires a variation in load 
deflection relations of the type indicated in Professor Spotts 

Fig. 5. 

Taking in order Professor Hirsch’'s suggestions regarding points 
in need of clarification: 


(a) The only dimensional] limitation on distance d of Fig. 3 is 
that it must satisfy Equation [7]; it corresponds to the similarly 
labeled dimension in Fig. 2. The dimensions b and c in Fig. 3 are 
shown as being equal, but need not necessarily be so. The di- 
mension b would normally be selected so as to equal about one 
fourth of the required vertical travel of the load, and dimension c 
would be about half the safe spring deflection. The assignment 
of these two dimensions enables the distance d to be computed 
ffrom Equation [7]. 

(b) With regard to the origin of the summations X, Y, and Z of 
Equation [6], they come directly from the equilibrium equation 
when terms containing A and r are grouped together, and the A or 
r, as the case may be, is factored out. Since both of these terms 
appear only in the first power, such collecting and factoring will 
always be possible. 

(c) A device embodying the principles of Figs. 2 and 3 used as 
a constant-support pipe hanger would provide a constant lifting 
force despite vertical movement of the piping. Horizontal move- 
ment could be accommodated either by mounting the hanger so 
that its frame could swivel about a vertical axis, if the Fig. 2 type 
of mechanism is used, or, if there were adequate space above the 
pipe, simply by inserting a long vertical rod between the pipe and 
the hanger. 

(d) Since the device is designed to provide constant lifting 
force regardless of vertical position of the load, no spring forces 
would be transmitted to the supporting frame by a vibrating 
load, provided the amplitude of vibration was less than the verti- 
cal travel afforded by the type of mechanism shown in Fig. 3. 
There would, however, be some small forces transmitted due to 
the inertia of the various parts of the yielding means, These 
could be kept relatively small by designing for lightness of the 
yielding means parts and by the strategic location of pivot points 
at or near centers of percussion, 
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By L. SIGFRED LINDEROTH, JR.,. AMES, IOWA 


This paper devélops the relation between the displace- 
ment and time of a piston in a hydraulic actuator in 
terms of the load, mass, pressure drop, viscosity, and 
special operating conditions. It is based upon the Fan- 
ning law of friction in pipes and the value of the friction 
factor in smooth pipes as given by Hagen-Poiseuille and 
Blasius. The relation developed will cover most condi- 

_ tions met in the design of hydraulic equipment and will 
suggest a means to analyze those conditions not covered. 
This method is valid for pressures up to 100 atm and, with 

modifications, to higher pressures. 


N designing complex hydraulic equipment, particularly 

| equipment in which several hydraulic actuators must operate 

with definite relations to each other, it becomes necessary 

for the design engineer to know with reasonable certainty what 

the characteristics of the motion of the actuator will be. It 

is the purpose of this paper to develop a general method for 

determining the displacement-time relation of a hydraulic 

- actuator in terms of pressure, flow, viscosity, friction, mass, and 
load. 

Fig. 1 is a diagram illustrating the basic elements in the hy- 
draulic system for operating the actuator. The source of fluid 
is an accumulator of sufficient capacity to maintain the maxi- 
mum required flow at a constant pressure P» in the accumulator. 
A hydraulic line of inside diameter D, and equivalent length 1, 
connects the accumulator through the control valve to the inlet 
on the actuator. A similar hydraulic line of diameter D, and 

- equivalent length Z, connects the outlet end of the actuator 
through a control valve to the sump or fluid reservoir, discharg- 
ing the fluid at pressure P;. P, is the fluid pressure acting on 
piston area A,; and P, is the fluid pressure acting on piston 
area Ay. The piston rod and piston packing create friction or 
drag which must be overcome by the differential force on the 
piston. The equivalent lengths 1, and J, are the lengths of 
straight smooth tubing which have the same resistance as the 
actual tubing, including bends and valves. It is assumed that 
the change in resistance or pressure drop of the actual tubing, 

- fittings, and valves will be the same as the equivalent length of 
straight tubing. This assumption has been substantiated by 
other experimenters.* 

The net force on the piston will overcome friction, balance 
the load, and accelerate the total mass of all the moving parts. 
This can be expressed by the following equation 


1 Professor of Mechanical Engineering, Iowa State College of 
Agriculture and Mechani« Arts. Mem. ASME. 

? Crane Co., 8368. Michigan Ave., C hicligo, Ill. The reader is re- 

_ ferred to this company for data for the calculation of equivalent 
lengths of tubing for various types of valves, fittings, bends, and 
diameter changes. 

Contributed by the Machine Design Division and presented at the 
Semi-Annual Meeting, St. Louis, Mo., June 19-23, 1950, of Tue 
Socrery or MecHanicat ENGINEERS. 

Nore: Stat nts and opini advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
February 28, 1950. Paper No. 50—SA-5. 

= 4 


WEIGHT 
(ACCUMULATOR) 


F = P,A; — PA; = 


= 


Fie. 1 Diacram or Components in Hypravuiic System 


friction + load + mass X acceleration 
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P, and P, can be expressed as functions of the pressure at the 
remote ends of the connecting tubes J, and L, and the respective 
pressure drops AP, and AP; in these tubes for a given piston 
velocity V 


+ AP; = P, 


Substituting these values in Equation [1] and rearranging the 
terms results in the expression 


(Py — [Ps + — [Fr + Lo} 


dt M (4) 


It is assumed that conditions are such that Py and P; are con- 
stant, since these pressures usually can be fixed by the designer 
Friction and load are also constant. Rearranging the terms of 
Equation [4] to place all the constants together results in 

PyAy - Fr 


dV _ (PoA, ~ Lo) — + 


M 5) 


If the piston starts at rest and, consequently, no fluid is in 
motion, AP; and AP, are zero and Equation [5] reduces to 


dV PA, — — Fr — Lo 
dt M 
During the initial stage of motion the flow of fluid through the 
tubing is relatively slow. The flow is viscous and AP will vary 
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according to this type of flow. As the piston speed increases, the Lov’ Athy : 
fluid velocity in the tube increases, and a point is soon reached } 
when viscous flow will change to turbulent flow. The change in 
AP will then follow a turbulent-flow equation. 

The pressure drop AP in a straight smooth tube can be found 
from Fanning’s relation 


The pressure-drop values from Equations [13] and [14] are 
substituted for AP, and AP, in Equation [5]. This gives the 
following equation for viscous flow 


L 
~ — Lol ~ [10.80 ( 


dt M 
5, 

and for turbulent flow . ape 
Ube 


qv 
dt 


in which 
p = absolute density 
= fluid velocity 
= inside diameter of tube 
f = friction factor 
L. = length of tube 


AP = pressure drop through tube 


The value of f for viscous flow (Hagen-Poiseuiile) is 


where Vz is the Reynolds number and v is the kinematic viscosity 
of the fluid. D and # are as in Equation [7]. By combining 
Equations [7] and [8] the pressure drop for viscous flow results 


Lvypv 


AP = pt 


32 


Likewise f for turbulent flow is 
_ 0.316 
Ne 


0.3160" 
D'/y'/* 


which is the Blasius approximation for the resistance in smooth 
pipe or tubing. Substituting the value of f from Equation [10] 


in Equation {7] results in a final equation for turbulent flow 


AP = 0.158Lp” 


Di 

Since the piston velocity V is of primary interest the fluid velocity 
J in Equations [9] and [11] is replaced by an expression relating 
V. This is written 


. 
in which A is the piston area on which acts the fluid flowing at 
velocity v in the tube of D inside diameter. 


Equations s and 1} become, respectively 


. ap = 408 


L,A,'“y" 
— Pe As — Fr — Le} 


M 


This apparently cumbersome expression can be greatly simpli- 
fied since most of the terms remain constant during an operating 
cycle, and if the pressure range is not over 100 atm, the viscosity 
v can be considered a constant for such fluids as water and 
mineral oil. The absolute density p for this pressure range and 
these fluids varies less than 1 per cent and can be considered con- 
stant. This leaves V the piston velocity as the only variable, 
and Equations [15] and [16], therefore, can be reduced to 


dV 


(,—C, Vv 
dt 


for viscous flow and 


dt 
for turbulent flow. The constants are 


— Pots 
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Fig. 2 illustrates a plot of the curves of Equations [17] and [18] 
with acceleration d\V/dt as ordinates and velocity V as ab- 
scissa. It is noticed that the viscous-flow curve is a straight 
line and intersects the turbulent-flow curve. The flow pattern 
in the hydraulic lines starts as a viscous flow with an acceleration 
of C, at V = zero. Viscous flow is maintained up to the velocity 
of the intersection of the two curves. At this point the flow 
pattern changes to turbulent and the characteristics follow the 
turbulent-flow curve. The transition from viscous to turbulent 
flow occurs not at an exact point on either curve but rather as a 
transition of indeterminate duration. From classic flow data 
this transition period has been shown to occur between Reynolds 
numbers 2000 and 4000. From these data the approximate 
duration of the viscous flow can be calculated. 

Fig. 3 illustrates a plot made for a specific installation. In this 
actuator the duration of the viscous flow was very short and the 
analvsis could be carried out with good accuracy considering the 
entire flow pattern as turbulent. The actual time or duration of 
the viscous-flow period up to the intersection of the two curves 
is 0.0208 sec. The total duration of the acceleration is on the 
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-DISPLACEMENT VERSUS TIME CHARACTERISTICS OF HYDRAULIC ACTUATORS 
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“Vers wis 
sey whe Equation [18] with the variable V raised to a fractional power 
yy nA does not lend itself to analytical integration. It can be quite 
aay integrated by a graphical method, and the degree of ac- 
TURBULENT FLOW He _ curacy is limited only by the number of parts into which the 
origins al curve is divided. 
"The integration of the viscous-flow equation suggests a method 
rape: _of attack for the integration of the turbulent-flow equation. As 
eae, shown in Fig. 4, the curve A = A, — CV’ is divided into several 
lib parts and each is replaced by a straight line. Acceleration and 
pats a _ velocity in Fig. 4 are designated by A and V, respectively. The 
shorter the distances A,V,. . A; V3, ete., are, the more 
_ nearly the series of lines will represent the curve, and the more ac- 
gurate will be the integration. 
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dt 
Curve or Piston AN,» AY, 


CYLINDER BORE 1125" 
PISTON ROD 0.75" 
TUBING BORE 0.652" antic 
1405 — 2.06«V 
Ceretcns . An equation can be written for each of the straight lines and 
_ will take the general form 
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aor Bach straight line will have a different value for Ay and Bo, and 
a these values are established by projecting the line to the co- 
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ing turbulent flow throughout the entire period will be of no 


practical significance. 


Equation [17] for viscous flow can be integrated and the values 


of dV /dt, V, and S are as follows 


Curve or Piston 4 Spectric 
Prosect 
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60 ordinate axes and measuring the values at this point as shown for 


the line A;sV3. 
The time t at which acceleration A; occurs is calculated from 
the equation 


A, = Ae . [23] 


A;, Ao, and By for this equation are measured on the line Ai V;. 
and the values substituted in which can then 
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be solved and the value of te established. For this line the time 
t; at which A, occurs is zero since this is the start of the curve. 

The time elapsed for the change in acceleration from A, to Az 
is, therefore 


Likewise, any subsequent time 7, 7 ,.. 7, can be established. 
The next line from A,V2 to A;V; would have two equations 
Ao 
- 
in which Ao and By are the same but not equal to the A» and By 
of Equation [23]. A, and A; are again measured from the co- 
ordinate axes (A, being the same as in Equation [23]), and the 
values for & and ¢; calculated. It should be noted that the time 
t, in Equation [25] is not the same as & in Equations [23] and 
[24]. 
Elapsed time 7:, for the acceleration to change from Az to Aj 
is therefore 


The displacement S during any time 7 along a straight line 
can be determined from the general equation 


= 0 Ao 1 —e 


is the acceleration at the start of time JT. Ao and By are the 
co-ordinate intersections for this particular straight line. 

For the first straight line starting at A, (Fig. 4), A, A,, Ai, 
and Apo, are all the same value. Equation; [26] therefore reduces 


to 


[28] 


_ Are 
{29} 


ASa = Bo = 


which corresponds to Equation {21}. 
tion {28] appears in the Appendix. 

In this manner the displacements S,, S;, ..S, of the piston for 
each time interval 7), 72, ..7,, are calculated; and the total dis- 
placement at any time 7), 7; + T2, ..7, + T2..T,, is determined 


The derivation of Equa- 
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by the corresponding summation S,, + ..S; + S: +..8,. 
A curve, Fig. 5, is then plotted from these data. 

Atsome time 7 + 7; + ..7,, the acceleration has become zero 
because the increase in the pressure drop through the hydraulic 
tubing has reached such a magnitude that only enough force is 
left to overcome friction and balance the load. From this time on 
the velocity remains constant, and the displacement-time 
curve is a straight line. 

Referring again to Fig. 2, if the design is such that a large por- 
tion of the curve is for viscous flow, the displacement curve for 
this part is plotted from data calculated from Equation [21], 
establishing the time from Equation [19] by measuring the value 
for dV /dt on the curve. This displacement curve is not a 
straight line so several values of ¢ should be calculated. 

The displacement curve for the turbulent flow is calculated 
starting with the acceleration at the intersection of the two 
curves, For this graphical integration it is assumed that the 
transition occurs at the point of intersection of the two curves. 
The error caused by this assumption is probably small. 


To DestGn 


In using this method to evolve a design it is necessary first to 
establish values for the constants C;, C2, and C;. Certain speci- 
fications of the design will take care of the values of such varia- 
bles as L, p, v, and M, but A and D are fixed by the designer. 
It will be necessary to estimate these for the first trial, go through 
the calculations, plots, and integration, then see if the resulting 
space-time curve is satisfactory. If it is not, changes will have 
to be made in the variables at the designer's disposal and a new 
curve established. If the time of displacement is too short, L 
ean be lengthened by introducing a resistance in the form of a 
valve. If the time is too long, D must be increased or L short- 
ened, The experience of the designer will indicate the best 
method to effect the required changes in the constants, 

The actuator used to illustrate this analysis is a double-acting 
piston and cylinder with vertical axis. Placing the cylinder in a 
horizontal position merely removes the load Lo in Equation [1] 
and subsequent equations. The use of a single-acting cylinder 
merely eliminates all the discharge-line components, but im no 
way affects the analysis. In considering a hydraulic, 
motor with rotating output V, the piston velocity is replaced 
with w, the shaft velocity, in radians per second, and the con- 
stants are modified accordingly. In all eases the basic 
ples are the same. 

This method of analyzing the displacement of a piston with 
time was used in the design of a complex hydraulically operated 
machine which was built and operated successfully. No ex- 
tensive work was done to check the accuracy of the method, but 
it was adequate for the specific project for which it was developed. 

As a means of indicating in a simple fashion the order of ac- 
curacy of the method, a curve of the form A = 10 — 0.10 V’ 
integrated between A = 10 and A = 1, by taking successively 
shorter straight lines and summing the displacements and times 
as outlined in the paper. 

Fig. 6 is a plot of the equation and the lines used in the integra- 
tion. 


basic 


princi- 


* was 


Fig. 7 is a plot of time T and displavement S against the num- 
ber of lines used in the approximation. It is evident from these 
curves that if the maximum deviation of the curve of the equa- 
tion being integrated from the straight lines is less than 3 per cent 
of the length of that line, then the order of accuracy will ap- 
proach plus or minus 2 per cent. 

It is felt that the described method of determining the dis- 
placement time relation of an actuator gives the designer basic 
and necessary information of adequate accuracy with a mini- 

mum expenditure of time and effort. 
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Third Approximation and let the velocity at time t, be V, then 


Approximation ~~ 


Second 
Approximation 


from which 
7 
A= 10- 0.10«v4 


Curve—Accuracy DererMINa- 
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hence 


Time (T) 


ky — ke x 1—e~*T 


ky ks 

Evaluating k; and k,, when V = 0, A = Ao, and 
Ao ky x0 ky f 
and when A = 0, V = Bo, and Css) ae 
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_ Mathematics at Iowa State College, for assistance in the study therefore 
of the differential equations. 
The integration of the equation dV/dt = C, — C, V is 
based on an unpublished analysis of similar equations by Messrs. 
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Sh The derivation of Equation [28] was suggested by Mr. E. J. Now, ompe 4,2 h— ket « by definition of the straight line by 
: a rane, ASME Papers Committee. its equation, and for a particular line 


Referring to Fig. 4, the equation of any straight linedrawnon V, can be determined as follows Hanis WRRiaYo in 

This line when extended will intersect the acceleration (vertical) = By 
axis at Ao and the velocity (horizontal) axis at Bo; and ky al A,) 
are constants that must be evaluated for each straight line. 


Ao 
A, = 
a By a 
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from which follows 
By A 
AS = B,| T— 
which appears as Equation [28]. 
Data For Fics, 6 anv 7 


The following data were calculated for plotting curves in Fig. 6 
and Fig. 7, using the method outlined in the paper: 


A = 10—0.10 x 


= 


29.70 
24.78 
24.49 
23.90 

J. L. Suearer.* Professor Linderoth’s paper very effectively 
illustrates the nonlinear phenomena present in many hydraulic 
systems. The effect of the nonlinear characteristics of fluid flow 
present in hydraulic systems is very pronounced when operation 
over wide ranges of flow is considered. 

It is also significant that the analysis of the dynamic behavior 
of hydraulic systems is closely associated with the loads for 
which they are designed. In this paper a load consisting essen- 
tially of a pure mass is considered. The load on the actuator 
therefore varies linearly with the acceleration of the mass, and 
thus the problem has an element of simplicity in it. In many 
engineering applications the loads vary with the speed and posi- 
tion of the output member as well as with its acceleration. In 
addition the relationships between forces, displacements, veloci- 
ties, and accelerations are nonlinear in many cases. 

Of greatest interest are the difficulties which nonlinearities 
present to the designer. Graphical integration has been for some 
time a widely used tool in the solution of nonlinear differential 
equations. This method has definite limitations particularly 
where a wide survey of system parameters is desirable for design 
purposes. It is a means only of evaluating a proposed design. 

The work being done in the development of electronic analog 
computer components should prove to be of immense value to the 
designer in this field. Electronic analog components which will 
generate nonlinear functions have been developed to make the 
solution of this type of problem straightforward and rapid. 
When the analog of a given system has been set up, system parame- 
ters can be varied by the twisting of dials. The accuracy 
achieved with electronic analog equipment is directly related to 
the care observed in calibration of the components, and, in 
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general, it is sufficiently good to evaluate a particular design as 
well as perform the initial survey work. 

Fig. 8 illustrates how analog components would be set up to 
solve electronically the nonlinear differential equation which 
Professor Linderoth has solved by graphical means. 

Each component operates on the voltage signal or signals it 
receives and when all the required components are connected 
properly a closed loop results which will solve the given equation. 


UNTEGR ATOR 


Svereacroa 
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( Ditterential equation 

The problems involved in the analysis of the performance of 

hydraulic systems are sufficiently interesting to provide the basis 
for more papers of this nature in the future. 


J.D. Dretixer.‘ The author provides, in a practical manner, 
a method of determining the time-displacement characteristics of 
hydraulic actuators. 

The method immediately lends itself to such obvious applica- 
tions as hydraulic cylinders for actuating machine-tool mecha- 
nisms, agricultural and industrial machines and hoists, and 
innumerable other slow-moving applications. However, we were 
interested in determining whether it would have value in predict- 
ing the characteristics of a very rapidly moving hydraulic mecha- 
nism 

The application of hydraulic units in aircraft turrets is an ex- 
ample of a unit requiring rapid time-displacement characteristics. 
With military aircraft traveling at speeds in excess of 600 mph 
resulting in much shorter tracking time, it becomes imperative to 
have the turret-control response time minimized. 

The method described in Professor Linderoth’s paper was used 
to calculate the response of a typical hydraulic actuator used to 
position the yoke of a variable pump used as a part of an aircraft 
turret-control drive. A photograph of this unit is shown in Fig 
9 and a schematic diagram of the actuator in Fig. 10. This is a 
follow valve device and we were interested in determining the 
time lag from the instant that the pilot valve was moved to the 
time that the yoke would move to any position of its travel. The 
source of pressure P¢ is a small gear pump which also supplies the 
replenishing system of the hydraulic transmission. The con- 
stants indicated on the circuit diagram were used in evaluating 
the theoretical response of the actuator. The calculated velocity- 
acceleration curve is shown in Fig. 11 and the time-displacement 
curve in Fig. 12. 

To check the validity of the theoretical response, oscillograms 
were taken of the actual actuator movement as a result of a step- 
function input to the valve controlling the actuator. This was 
accomplished by coupling a variable-capacitance pickup to the 
actuator. This capacitance formed one element of a tuned cir- 
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cuit inductively coupled to a fixed frequency’ oscillator. The 
linear portion of the resonance curve of voltage output versus 
capacitance was utilized to yield an output voltage proportional 
to actual displacement. This voltage after being rectified and 
amplified was fed into a recording oscillograph to obtain a perma- 
nent record as shown in Fig. 13. 

The two curves indicating the calculated and actual response 
are shown in Fig. 12. It will be noted that the two curves coin- 
cide during the first portion of the actual movement and chen the 
experimental curve falls below the calculated curve. This diver- 
sion condition is probably due to the following factors: 

1 The circuit components are such that the pressure from the 
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source does not remain constant with changing actuator move- 
ment. 
of the stroke, th 
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such a manner so as to wipe out the signal impressed on the pilot 
valve, becomes significant in limiting the volume of oil being 
ported to the actuator. 


With more experience in employing the method and with suita- 
ble correction factors to take care of the foregoing, very good 
approximations could be made. 

From a limited study of Professor Linderoth’s paper and its 
application to this example, it would seem that the formulas de- 
veloped should be highly useful in the field of hydraulic design 
and particularly in the field of servomechanisms where the time 
response is highly critical. 


H. R. Grummann.® The integration of Professor Linderoth’s 
equation for given initial conditions is readily made by Milne’s 
method. (See American Mathematical Monthly, vol. 33, p. 455, 
1926, or Professor Milne’s recent book on numerical analysis.) 

The equation and curve indicated in Fig. 6 of Professor Linder- 
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oth’s paper define a particular solution which was calculated at 
Parks College with the results shown in Table 1: 

The values of the velocity and acceleration as wel! as the values 
of (#)'/* are tabulated since they are obtained in the Milne pro- 
cedure as well as the values of the displacement. 

Were there any occasion to do so, the values of s could be cal- 
culated to six or eight significant figures; this would require more 
time, but a standard-brand multiplying machine would still be 
the only required apparatus. 

The method could also be used to calculate the response s if 
laminar flow obtained for the first few instants. The final values 
of the laminar s and & would become the initial values for the 
required particular solution of the Linderoth equation. 

Numerical integration is more accurate than integration by 
electrical analog computer and is also much less expensive. Its 
principal disadvantage appears to be that it cannot be learned 
very well merely by reading a book; perusal of the sailing direc- 
tions generally leaves the reader with the impression that the 
matter is trivial or that it is too complicated to be practical. It 
seems that a characteristic of numerical methods is that they have 
to be practiced to be appreciated. 


AvutHor’s CLOSURE 


The author appreciates very much the interest in his paper 
shown by Messrs. Shearer, Dietiker, and Grummann. It is no 
doubt true that the electronic computers can do a better job of 
integrating equations of the type occurring in this paper than the 
graphic one but the probability of such equipment being availa- 
ble to the engineer at a time when he most needs it is as yet small 
and he must resort to other means for his solution. A long-range 
research project could be effectively scheduled for solution on an 
electronic computer but a short project for a particular design 
would not be able to wait any protracted period and the engineer 
must then resort to other means. 

The author is particularly indebted to Vickers, Inc., for trying 
out his method on one of their projects, and the excellent discus- 
sion of this work presented by Mr. Dietiker. 

The use of a numerical method of integration as suggest. d by 
Professor Grummann is quite valid but looks as if it might involve 
considerably more time than the graphic one described in the 
paper. It does yield a high accuracy and in some instances this 
may be of value. ' 
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Design of 


Leaf Springs | 


By S. P. CLURMAN,' GREAT NECK, LONG ISLAND, N. Y. 


It is occasionally desirable to incorporate into a mecha- 
nism a spring having a particular nonlinear force-deflec- 
tion relationship. This need may arise in the design of 
‘computers, certain control mechanisms, and special shock- 

_ absorbing systems. A technique is developed whereby 
leaf springs may be designed to follow arbitrary functions 
having increasing first derivatives. Some experimental 
results are discussed. A device is described which will 
4 _ produce a spring characteristic having a decreasing first 

derivative 


INTRODUCTION 


N 1678 Robert Hooke announced his now well-known ob- 

servation that the distortion of an elastic body is propor- 

tional to the external forces acting on it. This is not an 
exact relationship, but it is a close approximation, the accuracy 
depending upon the elastic material involved and its geometrical 
attributes. The use of this approximate law has greatly facili- 
tated the development of the entire subject of strength of ma- 
terials and the theory of structures. 

Most mathematical analyses of structural problems are based 
upon “small deflections,” i.e., a deflection which does not change 
the geometrical configuration which in turn controls the distri- 
bution of stresses to the material. In common problems, such 
2 a as those of beams and coil springs, the linear theory yields good 
results if the deflections involved are not excessive. In other 

elastic systems an appreciable change in the geometrical con- 

- figuration begins immediately, and the analysis must account 

for the nonlinearity. A most notable example of this latter 
case is the Belleville disk spring. Although the degree of non- 
linearity in these cases may become quite marked as a result of 
arbitrarily chosen parameters, the type of nonlinearity cannot 
be chosen freely. 
Occasionally there arise problems in which it is desirable to 
vary the type of nonlinearity independently. These problems 
_may be present in three fields of design as follows: 


1 The general field of mechanical computers. 
2 Certain specific devices which are operated by nonlinear 
_ force functions, such as, centrifugal force versus rotational 
speed and magnetic force versus length of air gap. 
° 3 Special shock-absorbing systems where it is desired to have 
the stiffness vary with travel. 


Two examples of category (2) may be quoted. A centrifugal- 
speed governor which has its flyweights loaded by a constant- 
stiffness spring will have a varying sensitivity as the governed 
speed range is shifted. In order to have a constant sensitivity 
at all speeds, a spring having an exponential function is re- 
quired. 
The second example is the magnetic solenoid. When the 
_ plunger is loaded by a constant-stiffness spring, it is an unstable 
mechanism, i.e., it is either fully in or fully out, depending upon 
whether the applied voltage is above or below a critical value. 


1 Project Engineer, Sperry Gyroscope Company. 

7 Contributed by the Machine Design Division and presented at 
_ the Fall Meeting, Worcester, Mass., September 19-21, 1950, of Tue 
American Socrety or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, June 
15,1950. Paper No. 50—F-5. 


If it is desired that the plunger take some intermediate position 
and vary this position as a function of the coil voltage, a non- 
linear spring is required. The exact function can be obtained 
empirically from the solenoid characteristics. 


Ossecr or Srupy 
The object of this paper is to provide a design procedure for 
springs having an arbitrary nonlinear characteristic. Certain 
restrictions, however, must be made concerning the nonlinear 
function: 


1 The function must be continuous. 

2 The first derivative must be continuous and increasing. 

3 The minimum value of the first derivative cannot be less 
than a practical initial stiffness of the leaf will allow. 


Although restriction (2) requires that the basic spring element 
have a stiffness increasing with load, a design will be proposed 
later for a compound spring which exhibits a decreasing stiffness. 

The theoretical derivations to be presented here are approxi- 
mate ones based upon certain assumptions which become less 
accurate for large deflections. The solutions are intended only 
as close approximations which may be obtained without recourse 
to experimentation. They also may be used as a starting point 
tor a cut-and-try test routine for cases where extreme accuracy 
is required in the finished design. 


Tueory or Free-Tip CanTILevER 

A simple nonlinear leaf spring is shown in Fig. 1. This con- 
sists of a uniform cantilever leaf mounted over a curved base. 
The nonlinear action occurs when, as the leaf is deflected, a 
certain portion comes into solid contact with the curved base, 
and the stiffness is increased accordingly. It is apparent that 
the manner in which the stiffness increases will depend upon the 
type of base contour under the leaf. The problem, then, is to 
find a particular base curve which will provide the desired varia- 
tion of spring stiffness. 
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TRANSACTIONS OF THE ASME 


In Fig. 2(a) a cantilever leaf of length L and constant section 


stiffness EJ is shown placed over a foundation whose contour is Bai +4 


described by the function G(x) and is tangent to the unloaded 
leaf at z = 0. In Fig. 2(6) the leaf is shown loaded by a force 
F and achieving a deflection A. 


tween the leaf and the foundation curve. 


| 


(b) 
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2 Assumep Fiexurat Action of a Sitmpte Noniinear 


CantTiLever Lear 


O<z<s. Beyond the point s the leaf ceases further contact 
with G(x). Under this assumption, the flexural curve of the 
leaf attains, of course, the ordinates and first and second deriva- 
tives of G(x), and the application of flexture theory produces 
the relation. 
1 
h= 3 (L — + (L —s)G’ 

Under certain conditions, however, the leaf may touch G(z) 
only at the point s and nowhere else, as shown in Fig. 3(a). 
This situation will impose upon the flexure equations the condi- 
tions indicated in Fig. 3(0), i.e., the leaf must have a deflection 
of G(s) and a slope of G’(s) at position s, and will attain the 
natural flexure curve resulting from these conditions. The tip 
deflection under the action of force F is now 


Fd (4L +s G 


3? 


attain under the second, or point contact, assumption will in 
part lie below G(z). 
then become invalid and some portion of the leaf in the range 


It may happen that the flexure curve which the leaf tries ee: 


The conditions implied in Fig. 3(5) will 


O<x<s must lie along G(r). The extreme case of this tendency 
will cause the entire range O<z<s of the leaf to lie on G(r), 
and will return the problem back to the first, or continuous con- 
tact, assumption. The continuous contact assumption and the 
resulting Equation [1] were the ones actually used in this work 
since it was believed to be closer to actual conditions. 

We will now introduce the arbitrary force-deflection function 


[3] 


Now, certain simplifying fies 
assumptions must be made about the nature of the contact be- £, 
As shown in Fig. © 


2(b), the leaf is in continuous contact with G(r) in the range =a 
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G(s) 


G( 
= 


. ALTerRNative AssUMPTION oF FLEXURAL Action or Non- 


LINEAR CANTILEVER Lear 


where 


6 = deflection of ideal spring 


0{5|] = desired functional relationship between F and 6 


Equation [4] is now rearranged so as to describe 5 explicitly. 


For a cantilever leaf of constant cross section the stiffness K 
is inversely proportional to the cube of its length. The le: 
stiffness of our spring Ko, occurs when the full length of the leaf 
is effective 


where 


For the sake of completeness, the stiffness function A(s) for 
the point contact condition in Fig. 3(5) is given 


4L4 


(5) 


(8) ( 


and 

6 = ¥IK(s)}. 
or 


=y K, | 


oad the minimum stiffness of our + ageing is Ko, it eannot be- 


4 
‘ 


have according to the function (3) below the values of (50, Fe), 
defined by 


0’ = Ke \ 
Fe = 6{50) 


It is evident that under forces less than Fo the leaf will leave 

- contact with G(z), except at z = 0, and will behave as a linear 
cantilever of stiffness Ke. A curve of the function 6[5] is shown 
in Fig. 4. A discontinuity in the second derivative of the actual 
spring characteristic wil] exist at Fo, below which the curve 
follows the straight line, shown dotted. From Fig. 4 we see that 


h = 6 — be + ho. 


where 
* 


ho = 


0 


Using Equation [9] we obtain 


F = 6(8) 


| 


Force-Der.ection RELATIONSHIP OF 4 Simpie NONLINEAR 
Lear 


The solution of Equation [13] will yield a spring design that 
wil! follow many types of functions. However, the three re- 
_ strictions described previously must be placed on the function in 
Equation {3}. 

The requirement for a minumum force, F9, below which the 
spring does not behave according to Equation [3] may be obviated 
by means of the device in Fig. 5. A second leaf is mounted as a 
simple cantilever so that the two leaves preload each other by 
the force Fo. This will cause the lower leaf to have an initia] de- 
flection he with no external load. The characteristics of the two 
component leaves are shown in Fig. 6. It will be seen that the 


5 ~ stiffness of the nonlinear component must now be less than that in 


Se — wd if the combined stiffness is the one to be used. 
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Let us call the stiffness of the linear leaf k. Then its contribu- 
tion to the resultant spring function wi!l be 


F, 


VIK + 
lan 


From Fig. 6 it is seen that 


The differential equation for G(x) is now 


Ke+k] +h 
..120) 
The solution of asia {13] may be obtained exactly for 
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many common functions @[6]. The simplest technique is to 
reduce Equation [13] to a linear equation with constant coeffi- 
cients by the substitution z = log (L — 8). The new differential 
equation will be 


: 


4dG 
3 dZ 


+G = — (69 — ho)... . [21] 
A solution of Equation [13] is provided for the general category 


of functions 


F = 


as 
-3 
€. 


DesiGN AND PERFORMANCE OF A FReE-Tip CANTILEVER 
The spring which is shown in Fig. 1 was designed to produce 
the function 0[6] = 206%, to begin — at a minimum force, 
F,, equal to 1 Ib, and to extend up to a maximum force of 20 Ib. 


‘coe K = 406 

¥(K) 


The deflection at which the 


Ko = 40 X 0.224 


action becomes nonlinear, 4, is 


= 8.96 lb per in. 


The leaf was 5 in. long, made of 0.050-in-thick spring steel, 
and had an (£7) value of 373 lb-in.?_ The solution of Equation 
; |3} for these parameters is 


3.5 


Re. G = 0.0168 (5 — s) + 6 - — 0.112... 


Analysis of Results. The measured characteristic of the model 
built to this design is shown in Fig. 7. Drawn on the same 
figure is the ideal curve which is of course the parabola described 
in Equation [24]. The actual curve deviates from the ideal 
curve somewhat. To evaluate the possible error due to the leaf- 
contact action being other than fully continuous, a third curve 
was drawn. This represents calculated values of h and F for a 
leaf having the point contact action of Fig. 3(6), and the same 
base contour G(x), obtained from the continuous-contact solu- 
tion. It will be seen that this curve is virtually coincident with 
the ideal curve at lower values of deflection and has very little 
deviation at the higher values. A leaf having an error due only 
to some intermediate type of contact would have its character- 
istic curve lie somewhere between these two theoretical curves. 


{25] 
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Some of the deviation of the actual curve is attributed to errors 
in the reproduction of the contour G(z) in the base block. An a 
important criterion of a nonlinear spring is to have certain in- 
stantaneous values of stiffness associated with given ferces. It i 
will be seen from Fig. 7 that the actual curve exhibits less than 
ideal] stiffness for corresponding forces in the approximate range 
of 1 to 5 lb, and greater than ideal stiffness above about 14 Ib. 
In the range of 0 to 5 lb the theoretical value of s varies from 0 
to 1.27 in. The corresponding ordinates of G(z) vary from 0 to 
about 0.002 in. Since the base contour had been handworked 
into a block of aluminum, and facilities for very accurate inspec- 
tion were not available at the time, it is believed that a rela- 
tively large contour error was present in this range. In the 5 
to 14 lb range, where the force-stiffness correlation is good, the 
theoretical value of s varied from about 1.27 to 1.95 in. In this 
range the ordinates increased from about 0.002 to 0.063 in., 
and the contour acturacy of the base block is believed to have 
been quite good. 

The greater than ideal stiffness above 14 lb is attributed to the 
approximate nature of Equation [1]. This relation is based 
upon simple flexure theory, which neglects the first derivative 
of the flexure curve, an accurate assumption for small deflections. 
Barten? and Wahl? give the true deflection of a simple cantilever 
leaf as a function of the tip slope calculated by linear theory. 
An estimate of the error due to neglect of the first derivative may 
be made by comparing the leaf to a simple cantilever having the 


?“On the Deflection of a Cantilever Beam,” by H. J. Barten, 
Quarterly of Applied Mathematics, vol. 2, 1944, pp. 168-171. 

* “Mechanical Springs,” by A. M. Wahl. Penton Publishing Cor- 
poration, Cleveland, Ohio, 1944. 
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same tip slope. At the maximum load of 20 Ib, the calculated 
Pe, slope of the leaf tip is 0.35. The error in the deflection of a LINEAR COMPONENT COMPONENT 
_ simple cantilever calculated by linear theory is about 5 per cent ee hy F «= f(h) 
7 this tip slope and adequately explains the greater stiffness of 
the upper part of the curve. 


Compounp Spring DecreasinG 


Among the three restrictions on the function given in Equa- 
A tion {3} was the requirement that the stiffness increase with 
>  Joad. This is necessary for the basic leaf-spring design. How- ' RESULTANT 
ever, a compound spring is shown in Fig. 8 which can be made to mencar NEW AXE 
a stiffness that decreases with load. This spring is 8-4 
similar to the one in Fig. 5, the difference being that the non- bey avn / 


— 


- 


8 A Compounp Sprine Wace THe Stirrness Decreases 
AN INCREASING ForcE 


linear leaf is now placed above the linear leaf and is preloaded 
to a greater degree than that in Fig. 5. The application of an Fic. 9 Expianation or THE DecreasinG or THE Com- 
external force F will decrease the deflection of the nonlinear leaf POUND SPRING IN Fic. 8 

and increase the deflection of the linear leaf. The resultant 
= of this device Ky will be the sum of the instantaneous 
stiffness K of the nonlinear leaf and the constant stiffness k 
of the linear leaf. Since K will decrease as the nonlinear lea 
unloaded by an external force, it is obvious that Kg will also 
crease with F. 

_ A preliminary problem is now presented: We must find an 
 ereasing stiffness function f(h), which, when unloaded in thé 
4 : manner just described, will produce the desired function 6 
In Fig. 9(@) are shown the characteristic curves of the two com- 

ponent leaves with the preload force fy indicated on each. 
When an external force F on the compound spring causes a de- 
flection 5, the new point on the linear characteristic will be 6 
units to the right of yo, and that on the nonlinear characteristic 
will be 6 units to the left of hy. In Fig. 9(b), the linear character- 
istic is superimposed upon the nonlinear curve and intersects it 

- atfy. The curve of the resultant force is shown as obtained by 

_ & graphical summation of the two effects. The deflection 6 
_ is now a variable moving positively to the left of the equilibrium 
point Ay, and the force F will move positively below fy. We 
may now choose two new axes to represent these variables and 
replot them with the new axes turned upright. This is done in 
Fig. 9(c), and the resultant characteristic curve is seen to have a 

decreasing slope, our original objective. The following func- Tueory oF CantiLever 
tional relations hold, and, wher substituted into Equation [13], In Fig. 10 there is shown a second type of configuration for a 
_ will produce the required G(z) nonlinear leaf spring. This spring is analyzed as though it con- 
sisted of four equal cantilevers mounted over four identical base 
contours. A single such cantilever is shown in Fig. 11. In 
015] = fy —fih] + ké..... order to produce the over-all characteristic given by Equation 
[3], each of the four leaves must then carry one half of the 
applied load and move through one half of the required deflec- 
tion. The individual leaf must then reproduce the function 


Fic. 10 Spring Desicnep THE 


and the functions to be imposed on the component nonlinear leaf 
design are 


Sth) = (fu + khy) — kh — Ofhy —h 
K = 6’ thy — h] — 


159 
var 4 
(a) 
a 
a 
*f(h) 
an 
4 
(b) = 
| 
7 
A 
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Using, again, simple flexure theory, the following relation may 
be shown 


h= 8)*G" + (L — + (31] 
From Equation [30] we obtain 
As in the previous solutions, this equation is rearranged 
dg 
K iL (35 | 
K 136 


2 


This equation may be solved similarly to Equation [13] and 
will yield the base contour for the spring in Fig. 10. 


DesiGN AND PERFORMANCE OF A ResTRAINED-Trp CANTILEVER 


The spring shown in Fig. 10 was designed to produce the func- 
tion 65] = e®4, to begin acting at a minimum force, Fo, equal to 
1 Ib, and to extend up to a maximum force of 20 Ib 


a 


= 
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Each of the four leaves was 3 in. long, made of 0.015-in-thick 
spring steel, and had an (£/) value of 6.75 |b-in.?- The solution 
of Equation [37] when these parameters are utilized is 


1 1 
G = 5, (3 — 8)? — loge (3 — 8) + 0.2093... . [40] 


Analysis of Results. In Fig. 12 there are drawn two test 
curves, as well as the ideal curve. The test curve for the 0.80- 
in-wide leaf was made first. This spring was too stiff at all 
points, including those within the linear range of 0-1 lb. The 
0.80-in. leaf was the one with the calculated value of (£7) equal 
to 6.75 lb-in.? The use of (£7) as a measure of section rigidity 
in flexure problems is based upon the assumption of a state of 
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F =e 
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-———-TEST CURVE FOR .80" WIDE LEAF 
---—TEST CURVE FOR .72° WIDE LEAF 
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two-dimensional stress in the member. When the width of a 
flexural member becomes sufficiently wide compared to its depth, 
a state of three-dimensional stress will exist, and, in the limiting 
case of an infinitely wide member, will approach a state of two- 
dimensional] strain. In this latter case the effective rigidity of 
the section is about 10 per cent greater than that implied by the 
value of (£7). With this in mind, the leaf width was reduced to 
0.72 in. The test curve of this second leaf shows that the sec- 
tion rigidity is now somewhat low. For an accurate determina- 
‘ion of suitable leaf width a cut-and-try process is indicated. 
Both test curves show a marked increase in stiffness above that 
of the idea) curve at higher loads. 

In the case of this second model, the base contours were ma- 
chined sufficiently accurately so as to exonerate them of any 
blame for the discrepancy. The excessive increase in stiffness 
is attributed entirely to the use of simple flexure theory. The 
maximum slope of the flexure curve for this leaf is greater than 
that for the previous case. The actual deflection of a com- 
parable linear leaf is nearly 7 per cent less than calculations by 
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_ simple theory show. No accurate analysis has been made of the 
error in the nonlinear leaf design caused by neglect of the first 
derivative of the flexure curve. 


CONCLUSION 


The equations developed in this paper are presented as approxi- 
mate ones. The closeness of solutions obtained by them to the 
results required will vary, depending upon the particular func- 
tions and parameters involved. In many cases the design ob- 
tained directly from the theoretical calculations will be satis- 
factory. In other cases where the required accuracy is too high, 
the theoretical solution will serve admirably as the first approxi- 
‘mation in a cut-and-try experimentation. The theoretical solu- 
tion is a convenient first approximation since its error will always 


be in the direction of being too stiff. By shaving down the con- 
tour of the base block, the test results can be brought very close 
to the ideal characteristic. 

The finished design will have the advantages for manufacturing 
purposes, in most cases, of requiring only a close dimensional in- 
spection, rather than a point-by-point checking calibration. 

It is hoped that in the development of apparatus where non- 
linear springs may improve the design outlook, this work will be 
of some practical aid. 
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On the Design of Rotor-Coil Support Rings © 


By J. J. RYAN,' MINNEAPOL IS, ‘MINN. — 


The construction of large-capacity turbog ators has 
” placed greater importance upon the evenness of the dis- 
_ tribution of the field coils under the rotor-coil support 
rings. This paper discusses the increase in stresses in the 


ring due to uneven distribution of the coils, describes a 


photoelastic investigation for the purpose of checking the 
theoretical analysis, and suggests that uniform distribu- 


tion of the coils would reduce the stresses in the rotor-coil 


‘support ring. 
INTRODUCTION 


generators, the rotor-coil support rings become elliptical 


; = has been observed that on excessive overspeed of turbo- 


in shape, with the greatest permanent elongation at the 
middle of the ring. This elliptical distortion indicates that 
eS of turbogenerator rotor-coil support rings is caused by 
‘bending moments as a result of the partially distributed coil 


loading. 


In the ordinary design of the coils for the rotors of two-pole 
_turbogenerators, Fig. 1, the circumferential spacing of the coils 


in the slots is greater than the axial spacing of the coil ends. 
im BP 8s _ Therefore the centrifugal forces of the coils applied to the rotor- 
support ring are distributed approximately as shown in Fig. 


STRESS EQUALIZING BLOCKS 


. | Tersogenerator Support Rinc anp 


At the inner end of the ring the maximum distributed loading 
is between the poles, while at the outer end the maximum dis- 
tributed loading is in line with the poles. Thus if the rotor-coil 
support ring were not supported at each end by an internal disk, 
it would assume an elliptical shape with major axes at right 
angles to each other at the ends. These distortions of the rotor- 

_coil support ring are also shown in Fig. 2. 


! Associate Professor of Mechanical Engineering, University of 
Minnesota. Mem. ASME. 

Contributed by the Machine Design Division and presented at 
the Fall Meeting, Worcester, Mass., September 19-21, 1950, of 
Tue AMERICAN Society oF MecHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
June 2, 1950. Paper No. 50—F-6. 
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‘The problem has been approached with a two-dimensional 
analysis for simplicity, although it is three-dimensional in char- 
acter, for which the solution of the stresses* would be rather long 
and complicated. The theoretical investigation was checked by 
photoelastic tests. This analysis suggests that as great a degree 
of even distribution of loading as possible should be maintained 
for the safe design of turbogenerator rotor-coil support rings. 
For this purpose, it may be advisable to add additional material 
between the rotor coils to obtain the completely uniformly dis- 
tributed loading. 


THEORETICAL INVESTIGATION 


When a ring is submitted to the action of uniformly distributed 
internal pressure all around the inner surface, the stresses and de- 
formations at any point of the ring are easily calculated. If it is 
a thin ring, - a tension in the ring is 

w (b + a) 


and the increase in mean diameter is 


w (b + a)? 


(b — a) 
where w is the load per unit length of the center line of the ring, 
t the width of the ring, a the inner radius, b the outer radius, and 
r any arbitrary radius. If it is a thick ring, the thick-cylinder 
formulas may be applied. The radial and tangential stresses 
are found from the equations 


t(b? — 


= 
*  t(b?— a") 


“Theory of Plates and Shells,"’ by 8. Timoshenko, McGraw-Hill 
Book Company, Inc., New York, N. Y., 1940, p. 433. 


a: 
nd 

b? 


where wu is the load per unit length of the inner surface of the 
ring. The increase in mean diameter is given by the equation 


1 m a? + m 4a%*w, (5) 
(b — a) Et (b—a)(b+a)? 


where m is Poisson’s ratio. 

If the pressure is partially uniformly distributed, as shown in 
Fig. 3 or Fig. 4, the stresses in the ring are statically indeter- 
minate and the Castigliano theorem is used. Referring to Fig. 3 
or Fig. 4, the tensile forces at the cross sections mn and op are 


where B (shown as 6) is '/; the angle subtending the partially 
uniformly distributed load. The moments at the cross sections 
mn and op are 


(a+b)? 2B 
Mt + 
Me (: cos B . (9) 
respectively. 


The moments at any section of the ring for @ < Band @ >B are 


+b)? B 
4t 


[10] 


respectively. It can be seen that as the angle B varies, the maxi- 
mum moment occurs at either the cross section mn or the cross 
section op. Considering the ring as a curved beam subjected 
to bending and tension, the stresses in the ring can be calculated 
from the foregoing equations. 

It is interesting to note that the maximum stress in a ring, 
which is subjected to a certain partially uniformly distributed 
load, is much larger than that in the ring which is subjected to a 
uniformly distributed load of the same intensity all around the 
inner edge. 

When a ring is subjected to a partially uniformly distributed 
load, as shown in Fig. 3 or Fig. 4, the ring will deform into a 
shape somewhat like an ellipse. Assuming the thickness is small 
in comparison with the radius so that the effect of tensile and 
shearing forces may be neglected (considering moments only), 
the decrease in the diameter along the cross sections mn was 


found to be 
2B. 
[ + cos B — sin 
2 
and the increase in the diameter along the section op to be 


3 
+ 8) [(; -- cos B+1— 
4 


= sir B 

2Et (b — a)? 2 ) 

by the Castigliano theorem. This increase or decrease in'diameter 
is also many times larger than that of a ring which is submitted 


3w (a + b)* 


me (b— a) 
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to the action of a uniformly distributed load all around the inner 
surface. 
The stresses at the inner and outer surfaces of the cross sections 
mn and op for b/a = 1.1, 1.2, and 1.3, and for 0 < B < #/2 were 
calculated by use of Equations [6}, [7], [8], and [9], and plotted 
in Fig. 3; for B = x/2 Equation [1] was used. It is seen that the 
maximum stress for b/a = 1.1 and B = 50 deg is 14.3 times the 
“maximum stress of the same ring when it is subjected to the uni- 
formly distributed load of the same intensity. The decrease in 
diameter along the cross section mn, and the increase in diameter 
along the cross section op for b/a = 1.1, 1.2, and 1.3, and for 
0 < B < x/2 were calcuiated by use of Equations [12] and [13], 
respectively, and plotted in Fig. 4; for B = #/2 Equation [2] was 
used. It is important to note that the increase in diameter for 
b/a = 1.1 and B = 30 deg is almost 100 times the increase in 
diameter of the same ring when it is subjected to the uniformly 


; distributed load of the same intensity all around the inner sur- 


face. Also it can be seen that as the thickness of the ring in- 
_ereases, both the stresses and deformations decrease very rapidly. 
If a rotor-coil support ring is considered to be a series of narrow 
rings, each ring would be a rotating ring subjected to a completely 
uniformly distributed load and a partially uniformly distributed 
load. The partially uniformly distributed load would set up 
large stresses and deformations in the ring, as mentioned before. 

_ Since the ends of the ring usually are supported, and the loading 
conditions are most serious at the middle of the ring, the middle 
of the rotor-coil support ring is subjected to the maximum stress 


deformation. 


PHOTOELASTIC INVESTIGATION * 

To confirm the formulas developed in the foregoing, a photo- 
elastic model was tested. The model, a bakelite ring, shown in 
Fig. 5, was loaded by the centrifugal force of a number of clips 


_ and small pins in a hub which rotated at a speed of 1800 rpm 


0.800 — PHOTOELASTIC RING 
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This centrifugal force sets up a loading on the inner surface of the 

_ model which resembles the loading that the centrifugal forces of 
the coils apply to a narrow portion of the rotor-coil support ring. 
The usual frozen-stress technique was used to freeze the resultant 
stresses in the model. A view of the photoelastic model after test 
is shown in Fig. 6. A view of the isochromatic stress pattern is 
shown in Fig. 7. The model fringe value was found to be 1% psi 
in tension at annealing temperature by use of a calibration bar. 
The curve of differences in principal stresses, (S,; — S,), obtained 
by photoelasticity along the cross section mn, where the stresses 
are largest, is shown in Fig. 8. 


The values of (S, — S,) along mn were also calculated. The 
large load p was found to be 1.122 lb per in. of the inner surface, 
the small load g to be 0.806 Ib per in. of the inner surface, and the 
angle B to be 62.3 deg. The common rotating-disk formulas 


S, = 


g 8 


where m is Poisson’s ratio, y the density of the ring, and v the 
circumferential velocity were used to calculate the stresses due 
to rotation. Equations [3] and [4] were used to calculate the 


a? 


1 + 3m a’ 
3+m et =)... (15) 
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stresses due to uniformly distributed load of 0.806 Ib per in. of the 
inner surface. The following formulas,’ with log. 


a b r 


b 
N = — a2)? — 40%? (10g 


were used to calculate the stresses due to partially uniformly - 


distributed load of 


2.125 (1.122 — 0.806) 
2.375 


= 0.283 Ib per in. 


of the center line of the ring where P and M were found by use 
of Equations [6] and [8], respectively. Finally, the summation 
of the differences of the principal stresses, (S, — S,), obtained by 
calculation was plotted in Fig. 8. It can be seen that the curve 
by calculation checks quite well with that by photoelasticity. 


ConcLusIoNns 


From the considerations outlined, it is suggested that to obtain 
the lowest possible stresses in the rotor-coil support ring, evenness 
of the coil distribution is necessary. This could be accomplished 
by increasing the length of the support ring an adequate amount 
to allow the axial spacing of the end turns to equal the circum- 
ferential spacing of the slots. However, this solution is imprac- 
tical because of the increase in length of the rotor. 


“Theory of Elasticity,” by S. Timoshienko, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1934, p. 58. 
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It may be necessary to add additional stress-equalizing blocks 
of an insulating nature, such as transite, between the coils in the 
axial direction parallel to the slots, as shown in Fig. 1. The 
weight of the materia! required per unit area to —— evenness 
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of loading can be estimated and the size of the equalizing blocks 
determined. 

In case it is impossible to balance the loading on the rotor- 
coil support ring, an increase in the thickness of the ring is an 
effective means to reduce the stresses and deformations. 
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Development and Testing of Brakes 


By C. E. TACK,' 


‘The advent of the high-speed, lightweight train made it 

- mecessary to practically double braking capacity. Labo- 
ratory and road-test methods and facilities developed to 
meet these demands are described and discussed. Factors 
of brake performance are discussed with typical examples 
of test results which have been used as a guide to brake 
design. 


INTRODUCTION 


Fe, HE author’s company has been designing, producing, and 
ae developing foundation brake gear for railroad equipment 
for more than one third of a century. That period has wit- 
nessed a continued search for improved brakes, and, coupled 
with that search, has been the acquisition of facilities to permit 
adequate testing and development. 
In the early 1930's several of the largest railroads of the country 
started a program to purchase and operate streamlined trains 
capable of scheduled speeds up to 100 mph, which could average 
60 mph and more, over distances varying from 1000 to 2400 miles. 
Immediately it was recognized that further and more intensive 
brake development was in order. Increasing the speed of a 
train from 70 mph to 100 mph doubles the kinetic energy which 
‘must be dissipated by the brake. In the interest of lightweight, 
four-wheel trucks became standard on new passenger cars, re- 
ducing the number of wheels per car from 12 to 8; thus wheel 
loads increased, further increasing the demand on the individual 
brake. 
_ Steps were taken by the company to acquire an inertia-type 
_ brake-testing machine which would have the increased capacity 
necessary to test high-speed passenger-car and Diesel-locomotive 
brakes. 
Both safety and economy demand that the utmost care and 
engineering judgment in brake design be coupled with adequate 


laboratory tests, followed by road tests, before offering a new 


brake design to the railroads. New ideas and untried experi- 
‘mental designs should not be service-tested in trains which oper- 
ate at 100 mph. 

Design work was initiated on improved clasp brakes and sev- 

eral forms of off-the-tread brakes such as drum brakes, multiple- 
disk brakes, a single-disk-type brake which we call the ASF 
rotor brake, and combinations of some of these. 

Trained test engineers were assigned to observe and record with 
proper instruments the operating conditions encountered on 
several large railroads in the East and in the West. The infor- 
mation thus obtained was used as a guide in determining labora- 
tory and road-test procedure. It was also used to enable the 
designer to determine other requirements. 

_ Studies were made to determine the effect of weather—par- 
- ticularly icing conditions—on brake performance. Also studied 
1 Assistant Chief Mechanical Engineer, American Steel Foundries. 
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were railroad-maintenance techniques which were found to vary 
widely. Operating techniques were found to differ greatly from 
one territory to another. 

It further became apparent that the railroad-brake problem 
must be studied as a whole. The air-brake control apparatus, 
the foundation brake gear, and the friction shoe must be tested 
in such a manner that the proper relationship of these three is 
maintained. Since no laboratory facilities existed for the simul- 
taneous testing of the completely integrated brake mechanism, 
the author’s company’s brake-testing machine was designed to 
enable such tests to be made. 

It is equipped with very complete instrumentation to measure 
torque, stop distance, stop time, and forces in the brake mecha- 
nism, as well as the performance of the air-brake control apparatus. 
It can test all designs of railroad friction brakes—clasp brakes, 
disk brakes, drum brakes, and combinations of the various forms 
of brakes which might be used on railroad equipment. 


Test Macatne Deve.Lorep 


From Fig. 1 it will be seen that the machine consists of a 
rétating inertia system in which the flywheel is made up of nine 
demountable sections. Power is supplied by the motor system 
at the far end of the machine. The present 75-hp motor, 
which is temporary, is capable of developing speeds up to 
107 mph on a 36-in. wheel. It will be replaced this year by 
a special 350-hp motor capable of speeds in excess of 150 
mph on a 36-in. wheel at all wheel loads up to a maximum 
capacity of the machine, which is 40,290 lb equivalent wheel 
load. High-speed brake testing involves very sizable amounts 
of energy. The rotating system of the test machine, when 
adjusted to the maximum wheel load of 40,290 Ib, at the maxi- 
mum speed of 150 mph on a .36-in. wheel, represents a total 
kinetic energy of 34,700,000 ft-lb. By means of the different 
combinations which can be made with the nine different seg- 
ments in the flywheel, it is possible to obtain 96 different inertia 
values in the rotating system so that practically any equivalent 
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wheel load can be simulated. Test data are gathered on the 
indicating and recording instruments housed in the control desk 
in the foreground. 

Fig. 2 shows a typical arrangement for test of clasp brakes. 
The brake mechanism to be tested is applied at the end of the 
machine nearest the observer, the usual setup being to mount a 
standard car wheel directly on the end of the rotating shaft, so 
that the whole of the actual brake rigging as used in service can 
be mounted in a suitable position for operation and observation. 

The large platform at the forward end provides a base on 
which various types of brake mechanisms may be mounted so 
that they operate with the rotating wheel. This enables the 
entire brake mechanism to be tested as a unit and the leverage 
system and operating cylinders can be incorporated as they are 
used in actual service. 

In the case of a disk brake, the car wheel is replaced by the 
brake disk. Fig. 3 shows how a disk-brake mechanism is mounted 
to be tested. The whole assembly of leverage system, cylinders, 
and supports is mounted so that the torque developed is applied 
to the hydraulic torque cell in the foreground, by which brake 
torque is measured and recorded. The adjustable flywheels are 
shown at the left. 

Fig. 4 shows a disk brake being tested after freezing to tem- 
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perature below —80 F. This is one of the standard test proce- 
dures followed by the company in laboratory brake tests. 

Fig. 5 is a view of the control desk and instrument panel. 
So far as is possible, the instrumentation is arranged so that the 
recording of data is automatic. Recording instruments are 
housed in this control desk from which the operator is able to 
control the driving motor and the application and release of the 
brake. Instrument drives between control panel and machine 
are electrical, making use of selsyn motors and direct-current 
generators. The torque developed by the brake is transferred 
to the control panel hydraulically. 

Speed, time, distance in feet and tenths, torque and brake- 
cylinder air pressures are all indicated on the dials at the top 
of the panel. Four special Esterline-Angus recording instruments 
make a continuous record of speed, brake-cylinder pressure, and 
torque. An arrangement is incorporated so that time and wheel 
revolutions (distance) can be marked simultaneously on the 
margins of all charts. The chart drives are arranged so that 
the length of the charts can be proportional either to time or to 
distance run. 

In order to be able to simulate as nearly as possible actual 
clasp-brake performance in service, the machine is equipped 
with the conventional speed-governor control so that brake- 
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re _ cylinder pressures during the test can be made to follow those 
which are obtained in service. 
While this test equipment can reproduce in the laboratory m: 
_ of the factors entering into brake performance, it is obvious tl 
laboratory tests do not reproduce several variables of great im- 
portance. These must be studied by means of road tests. For 
example, the highly important factor of rail adhesion is missing 
~ in the laboratory since the wheel does not roll on a rail. 
A great deal of thought and effort has been expended on the 
_ problem of finding a satisfactory method of studying adhesion 
in the laboratory. Several years ago the company sponsored a 
_ comprehensive program in conjunction with the Armour Re- 
_ search Foundation, in which an attempt was made to deter- 
‘ _ mine the nature and values of adhesion and to design test equip- 


a + ment which would reproduce wheel and rail conditions accurately 


i. the laboratory. However, results were meager. To our 

: know ledge, no satisfactory solution to the problem of duplicating 
- service adhesion conditions in the laboratory has yet been found. 
_ The conditioning effect of the combination of rail and shoe on 
the braking surface of the wheel is also absent. Likewise, vibra- 
tion, rain, ice, and snow, and other conditions present in serv- 
ice cannot be reproduced successfully in the laboratory. 


Car ror Roap TEestiInc 


It was necessary, therefore, to obtain service and road experi- 
ence which would enabie evaluation of laboratory testing in 
terms of actual road performance. Accordingly, a car was ac- 
_ quired by the author’s company and equipped with full instru- 
_ mentation of the same type as incorporated in the brake-testing 
machine. 
Fig. 6 presents an exterior view of this test car ASF X-1948. 
‘The test car was built from a standard 75-ft steel combination 
_ -passenger-baggage coach on which the underframe was modified 
_ by the Pullman-Standard Car Manufacturing Company so that 
_ it would accommodate 4 and 6-wheel passenger-car trucks of all 
types. Weight of the car ready to run is approximately 136,000 
i Ib. Load blocks are available to increase the running weight to 
170,000 Ib. 
Fig. 7 shows a view of the interior of the car which was com- 


Fic.6 Exrerton or Test Car 
pletely rebuilt to accommodate full recording instrumentation for 
- automatic recording of necessary data. The floor of the car was 

fitted with large windows over the trucks at both ends to enable 
_ observation of the action of truck and brake apparatus. 

The air-brake controls are arranged to permit the brake to be 
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operated independently of locomotive or train. Thus the car 
can be used in a train to check over-all train-braking require- 
ments, or it may be used for breakaway tests to check brake de- 
signs for performance. 

Fig. 8, the front view of the instrument panel, shows the simi- 
larity to the instrumentation of the brake-testing machine. 

Complete brake controls are instailed along with the instru- 
mentation so that brakes may be manipulated at will, giving the 
operetor full information as to the brake performance and ability 
to manipulate the brake mechanism in any way that is desirable. 

The equipment of the car also contains a complete installa- 
tion of air-brake contro] apparatus mounted as shown in Fig. 9, on 
a rack located in the baggage compartment. This includes 
ee control and automatic directional sanding ap- 


9 
a 
Fic.7 Inwrertor or Test Ca 
E J pa 
‘ 
| 
\ 


TRANSACTIONS OF THE ASME 


APPARATUS IN Test Car 


Fic. 10 Exrtertor or Test Train 


paratus. Special manual controls are part of the installation to 
permit using these devices or cutting them out at will. 

Water equipment to enable wetting of the rails is also built 
into the car, 

The car is so equipped that it may be uncoupled by the crew 
without initiating a brake application until desired. Fig. 10 
shows the exterior of the test train. 

The car may be operated in a regular train or as the last unit 
of a special train, as shown here. It was used in this manner for 
breakaway tests on the Chicago, Milwaukee, St. Paul, and Pacific 
Railway during the summer and fall of 1949. 


BREAKAWAY Stops 
In making breakaway stops with such a car, it is hauled at the 
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rear end of a special train, pulled by a high-speed locomotive 
with arrangements so that the car can be uncoupled from the 
train while moving over a selected piece of track which is prefera- 
bly straight and level. The train is brought up to a speed 
slightly above that at which the test is to be made and the car is 
uncoupled from the train so that it is rolling free, and as near as 
possible to the desired speed, when it reaches a selected point 
from which all tests are started. As the car crosses this point, 
the brakes are applied through the control valves in normal 
manner, giving proper brake-cylinder-pressure build-up time, 
and the distance measured across which the car rolls in coming 
to a stop. 

When instrumentation such as is incorporated in this car is 
used, the test is not open to the criticism that has been directed at 
other methods of brake testing. When brake performance is 
demonstrated by actually reproducing service conditions, the 
evidence is conclusive. 

Tests may be made over graded track as well as level, although 
certain stretches of track on several railroads have by long use 
come to be more or less standard test tracks so that results of 
various tests may be more accurately compared. 

It is possible with our test car to wet the rail artificially to re- 
duce adhesion and also to apply sand to restore adhesion so that 
these highly important factors can be studied. In applying 
sand during testing, it is important that sand be applied in the 
same manner that is used in actual railroad operation. This is 
usually done by initiating the application of sand automatically 
by means of the wheel slip-control equipment or application of 
the emergency brake. If sand is applied manually before and 
during the brake test, it is obvious that an altogether different 
value may be obtained, which could not be fairly compared to 
normal railroad operation. 

So many problems of brake design lend themselves to study 
by the combination of laboratory and road testing that the 
amount of useful work scheduled by the company is limited only 
by the amount of time at hand. 


CoMPARISON OF LABORATORY AND Roap Tests 

It is desirable to know what relation a stopping distance ob- 
tained in the laboratory may bear to the stopping distance 
obtained with the same brake under a car on the road under all 
conditions met in service. To date, the correlation between ASF 
laboratory tests and ASF road tests has been extremely good for 
the clasp brake. 

Fig. 11 shows a comparison of laboratory and road stops made 
under clean dry-rail conditions with a disk brake designed to 
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match, as closely as possible, the performance of a clasp brake at 
250 per cent braking effort with speed-governor control, using 
18"/,-in. carbon insert shoes. 

Here, also, the results in the laboratory and the results on 
road tests are very well matched. It appears well established 
that the laboratory technique will give excellent indication of 

stop distances under service conditions when rail conditions are 
such that the effects of adhesion need not be considered. 


Sroppine Distance at Hicu-Speep 


Another problem examined was that of studying the practical 
_ limits to which stopping distance could be reduced at high speed 
and under good operating conditions as indicated by actual 
road tests. 
Accordingly, using a disk brake, stop tests were made at several 
speeds with the brake-cylinder pressure adjusted to 20, 40, 60, 80, 
and 100 psi as the test proceeded. As shown in Fig. 12, at 80 
psi brake-cylinder pressure, the brake produced stops from 100 
mph in 2750 ft. Pressure was then increased to 100 psi brake- 
_eylinder pressure, which, in the laboratory where wheel-rail 
_ adhesion is not a factor, would have resulted in a stopping dis- 


tance well under 2500 ft. 
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However, on the road test the increased pressure resulted in a 
torque too high to be sustained by the available effective adhesion 
on a good dry rail, with the result that the wheel-slip control 
equipment was called upon to prevent wheel sliding, and the 
stopping distance at high speed became longer than at 80 psi 
brake-cylinder pressure. This points out the fact that, even 
under the best rail conditions, the brake must not produce more 
torque than available wheel-rail adhesion can handle without the 
development of wheel sliding. 
However, railroads operate under conditic 1s of less than 
_ perfect rail adhesion for a large portion of the time, and it is 
vitally necessary to know the performance of a brake when rail 
adhesion is substantially less than normal. Galton’s tests, 
made in England years ago, pointed out this fact, and later 
Metzken reached the same conclusion from a series of tests made 
in Germany. Our experience with the ASF test car also confirms 
this fact, as will be seen in the discussion of the test results. 


DETERMINING ADHESION VALUES 


There are two general methods of road testing to determine ad- 
hesion values. One is to equip a car in a train with independent 
brake control so that the brakes may be applied while the train 
is moving at a constant speed over rail that is dry or wet, frosty 
or dirty, and observe the amount of brake pressure required to 
produce a break in the rail adhesion or a wheel slip. 

We consider this mathed to be unsatisfactory. It is impossible 
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to control the condition of the rail and next to impossible to ob- 
serve from the moving train the exact condition of the rail. 
Moreover, conditions of the rail, track, and grade vary con- 
stantly. While speed may be determined accurately, a given 
test can never be repeated exactly in order to check results. 
It is possible, as will be shown later, that in passing over a rail 
joint the wheel slip can originate during a momentary reduction 
in wheel load; a computation of rail adhesion based on such a 
wheel slip would be in error. Further, the car tested is subject 
to varying influences from other cars in the train. Altogether, 
there are so many uncontrolled variables that the results obtained 
under such circumstances must be so recognized in study and 
comparisons. 

An alternate of the same method is to evaluate adhesion by 
calculation, using the time required after release of brakes to 
restore a sliding wheel to rolling and using the inertia of the 
wheel as a measure of the forces applied. This method deter- 
mines the coefficient of sliding friction, provided the exact in- 
stantaneous wheel load is known. 

The method involves several assumptions which are distinctly 
open to question, such as the assumption that the relation be- 
tween adhesion and slip velocity is the same during acceleration 
as it is during deceleration. Or, more dangerous still, the assump- 
tjon that a change from sliding to rolling is equivalent to a change 
from rolling to sliding. The marked difference between the coef- 
ficient of friction in sliding and rolling has been axiomatic ever 
since the famous Galton tests. It would be surprising indeed if 
measurement of the work done by sliding as a skidding wheel 
resumes rotation were to give accurate indication of the force 
required to break the lock between wheel and rail when the wheel 
is rolling and not sliding. Moreover, a wheel accelerating from 
a state of slip does so without the same amount of weight trans- 
fer which accompanies braking action—therefore the wheel 
loads under the two conditions are not the same. 

Consequently, we feel it is necessary to rely on breakaway 
tests as the only accurate method of determining how much 
braking torque can be applied without causing the wheel to 
slide, and what stopping distances can be expected. 

We believe this method to be far superior, since it eliminates 
or controls a large number of variables and provides a test which 
can be repeated. Tests made with artificially wetted rails can be 
compared directly with tests in which the rail is dry instead of 
artificially wet while all other conditions remain the same. 

Rails are artificially wetted under the test car by means of 
water in pressure tanks, carried inside the car, and applied from 
a fixed position by the spray heads. It has been found advisable 
to design and locate the spray heads so that the water will be 
applied uniformly and not blown away by wind and that the 
spray remains constant and uniformly applied. 

Throughout the tests, both in the laboratory and on the road, a 
great deal of importance has been attached to the necessity of 
conducting tests so that they could be repeated again and again 
without any significant change in the results. In general, at 
least three stops have been made at each condition, and the rule 
has been not to make these three identical stops consecutively, 
but to scatter them between other stops made at other conditions, 
whenever this was possible. Service conditions are more closely 
simulated by this manner of conducting tests. 


Facrors To ADHESION 


Before analyzing the results of these tests, it is well to estab- 
lish clearly the various factors so often grouped together as ‘“‘ad- 
hesion” and wnich operate to limit the amount of braking pos- 
sible. 

Unfortunately, there are very few factors that tend to in- 
crease adhesion. oe fer the application of sand to a rail, 
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there is almost no other practical method of increasing adhesion 
in common use today. 

A study of adhesion is far beyond the scope of this paper. All 
that is intended here is to indicate some of the more obvious and 
important causes of reduction of ability to utilize brake capacity, 
and to indicate approximately their relative importance to the 
problem of producing a satisfactory brake for practical railroad 
use. Some of these factors are nearly always present and some 
of them are of a transitory nature. They may be divided roughly 
into two groups: (1) Those resulting from the introduction of 
some foreign matter, such as water, snow, dirt, or greasy sub- — 
stances, which reduce the normal adhesion between car wheel | 
and rail. (2) Those which cause a reduction of the effective 
wheel load, and thereby reduce the capacity to utilize the availa- ; 
ble brake torque without sliding wheels. Some of these capacity- 
reducing factors can be calculated accurately, and some can be 
determined only by road tests. The effect of weight transfer due 
to inertia, unbalanced wheels, eccentric wheels, and track ir- 
regularities upon the force between the wheels and the rail has 
been computed, using the fundamental laws of mechanics. The 
details of this theoretical analysis, including the derivation of the 
basic formulas used for the calculations, are contained in the 
Appendix. 

In calculating, the same set of conditions have been used as 
are present on the road test car. They will be found to approach 
closely the average for modern high-speed railroad equipment. 
These conditions are given in Table 1 


TABLE 1 STANDARD CONDITIONS OF TEST CAR ASFX-1948 


Car weight (ready to run), Ib 

Wheel load (using 4-wheel trucks) Ib per wheel 

Center of gravity above rail, in 

Unsprung weight, lb per wheel. . 

Center of gravity of puprung weight, in.. 

Truck weight, lb each. 

Center of gravity of truck only above rail, in. 

Bolster weight (approx), lb eac 

Center of gravity in... 18 

Truck centers. 53 ft-34/s in. 

Truck wheel base. . ft-6 in. 
Wheel diameter i 


These conditions are common to all American Steel Foundries 
road tests. Details of the calculations referred to hereafter are 
contained in the Appendix. 

Turning to the group (1) of causes of loss of wheel-rail adhe- 
sion, foreign matter between wheel and rail, the commonest cause 
of trouble is the damp and dirty rail. Here it has been possible 
to develop actual road-testing procedure, which has begun to 
give some data which can be used as a guide for the brake de- 
signer. One of the first projects undertaken with this new test 
car was an attempt to see whether or not the wet rail gave the 
same reduction in braking limits at low speeds as at high speeds, 
and whether tests could be reproduced. 

In the development of the disk brake, it has been established 
that it may be designed to produce reasonably constant average 
friction at all speeds, whereas the natural characteristic of the 
clasp brake is a rising torque as the speed decreases. 

Either type of brake can produce more torque than dry-rail ad- 
hesion can transmit. It is necessary to limit the braking torque 
so that it does not exceed the available traction. In order to 
get the best possible stop under wet-rail conditions, where only a 
fraction of normal adhesion can be relied upon, it is increasingly 
desirable that the torque curve of the brake should match closely 
the available adhesion, and so produce all the stopping effort pos- 
sible without producing a dangerous wheel slide. 

Fig. 13 shows some typical traces from the recording decelerome- 
ter used in tests made with the ASF test car, in which the 
torque of the disk brake at high speeds exceeds the available ef- 
fective adhesion, with repeated release of brake-cylinder pres- 
sure and reduced retardation until the speed has fallen to the 
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point where the effective adhesion is greater than the torque 
produced by the brake. 

Therefore it was desirable to determine the limits to which 
retardation could safely be raised at various speeds when the 
rail was wet and whether a constant-torque brake or a brake 
having the increasing-torque characteristic was more desirable. 


Disk-Brake Tests 


To this end, a series of tests were made with the disk brake, 
using standard break-away procedures on an artificially wet rail. 

In this test the brake-cylinder pressure was controlled manu- 
ally. At the first application of the brake the pressure 
was increased until wheel sliding developed, and the wheel 
controller came into operation. Thereafter the pressure was 
raised or lowered manually so that the braking effort was kept 
as nearly as possible at the point of just sliding the wheels, using 
the operation of the wheel controller? as a guide to the maxi- 
mum amount of retardation that could be sustained. 

The results of a typical test of this kind are shown in Fig. 14. 
It will be noted that higher and higher pressures are required as 
the speed decreases. Since the disk brake was designed to pro- 
duce approximately constant average torque under changing 
speed, this is a clear indication that higher retardation rates 
are practical as the speed decreases. This is precisely what the 
retardation graph shows. At 50 to 60 mph, a retardation rate 
of 1!/, mph per see was enough to cause wheel sliding, but at 
lower speeds, more than twice this rate of retardation was main- 
tained successfully. 

It is clear from repeated tests that the amount of retardation 
which can be sustained without wheel slip on the wet rail rises 
substantially as the speed decreases. Therefore the most 
efficient brake under wet-rail conditions is not the disk brake 
with constant average torque, but the clasp brake in which the 
rising torque curve more nearly matches the adhesion curve. 

It is interesting to note that the evidence of this test is con- 
firmed by subsequent tests in which both clasp and disk brakes 
were tested on artificially wet rail, using 250 per cent braking 
with speed governor and 18'/,-in. carbon-insert shoes on the 
clask brake, and an equivalent braking effort on the disk brake. 
Fig. 15 shows this comparison. 

On dry rail, both brakes made emergency stops in approxi- 
mately the same distance. However, as soon as the rail is wet, 
the disk brake is at a very great disadvantage, since the emer- 
gency braking effort is too high at high speed and too low at low 
speed. The clasp brake, however, gives a considerably better 
stop on the wet rail (1) because the cleaning action of the brake 
shoe on the wheel tread results in greater available adhesion be- 
tween the wheel and rail than is possible with the disk brake; 


? The wheel control used to prevent wheel sliding during this 
series of tests was the W.A.B. Co. 3-AP Decelostat equipment, con- 
sisting of the P-3 Decelostat and the B-3 Decelostat valve. 
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Fic. 15 Wer anp Dry Rait—C.asp Versus Rotor Braxe 
(2) the torque characteristics more nearly approach the effective 
torque-capacity curve existing between wheel and rail. 

The second group (2) of variables, which have an effect on the 
ability of a brake to stop a train, are those which cause a loss of 
wheel load on the rail, and here it is necessary to resort to cal- 
culation to determine the range of the effects possible under 
several conditions known to exist in normal train operation. 
Weight Transfer Due to Inertia. This loss is present whenever 
deceleration is present as a result of braking. It results in an in- 
creased load on the leading wheel of the truck and on the leading 
truck of the car, with a corresponding unloading of the trail- 
ing truck and the trailing wheels. The load on the trailing wheel 
on the trailing truck is, therefore, the limiting factor on the 
amount of breking possille in a car which must be able to run 

_ in either direction. 

Fig. 16 shows the calculated loss of effective weight for the 
trailing wheel at various rates of deceleration. With 14 per cent 
adhesion, the maximum deceleration would be 3.06 mph per sec if 
full wheel load were present. However, due to weight transfer, 
the maximum obtainable deceleration is only 2.83 mph per sec 
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(stop distance from 100 mph, 2590 ft if uniform deceleration is 
assumed). It is noted from the graph that an 8 per cent loss of 
wheel load occurs for this deceleration. While this is not a large 
loss, it is a loss which is always present whenever there is braking 
action, regardless of the type of brake or its manner of suspension. 
Surges resulting from slack action, it should be remembered, can 
produce even higher weight-transfer values, which will reduce 
further the values shown here which are for steady deceleration. 


Wueet-Loap Losses 


Unbalanced Wheels. A rotating wheel, which is out of balance 
dynamically, also operates to cause the load of the wheel on the 
rail to fluctuate, and the loss due to this cause is shown in Fig. 17. 
The amount of unbalance assumed is 1'/; |b at 13'/, in. from wheel 
center. This represents the average value found in a check of the 
entire complement of wheels on a typical modern high-speed 
train under normal operating conditions. It will be seen that at 
85 mph the wheel-load loss amounts to 3 per cent. 

Eccentric Wheels. Eccentric wheels are common; in fact, the 
perfectly concentric wheel probably does not exist. 

Fig. 18 illustrates the loss in wheel load at 85 mph, when vari- 
ous degrees of eccentricity are encountered. 

Fig. 19 shows the effect of 0.0075 in. eye (0.015 in. 
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total run-out) at various operating speeds. To obtain a better 
visualization of the effect on wheél loading, it might be mentioned 
here that eccentric wheels have been known to cause the truck 
equalizers to be thrown clear of the equalizer seat by a matter of 
1/, to 3/s in. 

Track Irregularities. This is a very common, and one of the 
most important, causes of loss of effective wheel load on the rail. 
The amount of loss resulting from a bad rail joint is seldom appre- 
ciated. In making an emergency stop from 100 mph, a pair of 
wheels will traverse upward of 200 rail joints, each of which is a 
potential cause of wheel slide. 

Fig. 20 shows a rail joint on a piece of excellently maintained 
track, in which the mark of the sliding wheel (photographed im- 
mediately after a test stop) shows clearly the point at which the 
slide was initiated. Fig. 21 shows a slide which occurred just 
prior to the stop. 

Methods of calculating the reduction of effective wheel load 
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Fic. 21 Just Berore Stop 


for low spots in the rail have been developed by Timoshenko and 
others. Fig. 22 shows the amount of loss when the wheel passes 
over a rail which dips in a sine wave '/; in. across a rail distance of 
12 ft. 

It will be noted how rapidly the loss reaches serious propor- 
tions as high speeds are reached, and it is possible at high speed 
for the wheel load to be practically zero. 

It now becomes apparent that there can be a serious error in 
the conventional assumption that with dry-rail conditions an ad- 
hesion value of 14 per cent of the static load exists. Although it is 
probably true that for static conditions the 14 per cent ratio be- 
tween adhesion and wheel load is correct, and even higher values 
may exist, the fact is that the actual dynamic wheel load is less 
than the assumed static load. It can be very much less. 

Let us consider a case based on the normal operating conditions 
as they have been observed to exist. These are the condi- 
tions used in the calculations referred to previously, and it is 
certainly possible that they can all be present. ey 

The conditions assumed for this example are as follows: ay Dea 


Deceleration, mph per sec 
Wheel unbalance, atm, 13'/: in. from center, lb ih, 
Eccentricity, in.. 0.0075 

Low spot in track. 12 ft long, '/: in. nil 
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Fie. 22 Loss or Loan Due tro Track 


When all of these factors occur simultaneously, the effects will 
The effective wheel-load loss, due to weight trans- 
fer in braking, is 7 per cent; the loss due to wheel unbalance is 
3 per cent; the loss due to wheel eccentricity is 2 per cent— 
totaling 12 per cent—while the loss due to the track irregularity 
is 70 per cent. The combined effect of these factors is a wheel- 
load loss of 82 per cent. 
These are not abnormal conditions. They are present every 
_ day in train operation. At other speeds and other combinations 
of conditions, the losses may differ more or less. As a matter of 
- fact, they do vary continuously. The point is that some place 
and at all times, combinations of these factors are acting so that 
the dependable wheel load actually present and effective for use 
in braking is never the assumed static load. It is always less 


¥ than the static load at some point in the train, and often sub- 
stantially less. 


It is, therefore, an error to assume that the full 
static load is a dependable guide to the amount of braking it is 
_ possible to do without producing wheel slip. 

There are still other causes of loss of effective wheel load. They 
are all factors which are beyond the control of those who design 
and those who operate railroad brakes. The only method of 


-_ {nereasing adhesion which the brakeman has at his command— 


pouring sand on the rail ahead of the wheel—is a completely inef- 
fective remedy against the forces which tend to reduce wheel 
_ Joad on the rail and so limit the amount of braking possible. 
There remain to be examined the methods by which adhe- 
sion between the wheel and rail can be increased when foreign 


matter between rail and wheel reduces adhesion and limits the 
ue amount of braking it is safe to do. 
of course to remove the foreign matter and restore the wheel and 


The most obvious solution is 


rail to a clean condition. This, in part, is an inherent advan- 
tage of the clasp brake, since the brake shoes serve to scrub the 
wheel tread and, when wet, to dry it. Just how valuable this 
action can be is illustrated by a comparison of the stop distance 
on artificially. wet rail with clasp brakes which scrub the wheel 
and disk brakes where there is no wheel cleaning. Fig. 15 
shows typical stops of a clasp and a disk brake, both of the same 
-eapacity and which, on dry rail, give approximately the same 
performance. 
Clasp-brake stops on the wet rail are only slightly longer 
than on the dry rail. On the disk brake, however, the stop dis- 


tance begins to run out at an alarming rate as initial speed in- 
creases. 


At 80 mph initial speed, it is more than double the dry- 
rail distance, and stops were encountered in the test in which the 
stop distance was almost 3 times as long. 
This loss of stopping ability at high speed on the wet rail with 
the disk brake appears to result from two causes: (1) The ab- 
sence of the cleaning action on the wheel tread lowers the limit of 
maximum retardation. (2) The high torque characteristic of 
the disk brake at high speed results in wheel sliding at 7 —_ 
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The retardation curve for one of these emergency stops is shown 
at the bottom of Fig. 13, in which the wheel controller actually 
released the brake 64 times while the speed was being reduced to 
30 mph. At this point the effective adhesion was great enough 
to handle the braking effort without further wheel sliding. 

Application of sand to the wet rail, as will be seen from Fig. 15, 
gives a slight improvement on the clasp brake at speeds above 60 
mph, where the stop may be even slightly shorter than the dry 
rail, due perhaps to an increase in friction on the shoe, With the 
disk brake, however, sanding the wet rail is imperative if wet- 
rail stopping distances are to be made equivalent to those of the 
unsanded clasp brake. 


CONCLUSION 


In summarizing, experience has shown that laboratory brake 
tests are a valuable guide, but it must be recognized that they 
show only laboratory conditions and are not indicative of over-all 
service performance. Wheel-rail adhesion and dynamic load 
conditions are the factors which limit the amount of braking 
which can be done safely. 

There is much more to be learned about this all-important 
matter of adhesion. In studying it, we must be constantly on 
guard to make sure that what we determine is relative to actual 
conditions under an actual train, operating on actual track, and 
with known conditions. It appears from the road tests that the 
effective brake torque which can be utilized, increases as speed 
decreases, and follows more nearly the torque curve of the clasp 
brake than the flat curve of the disk brake, and that on the rail 
having less than ideal surface, this is a serious disadvantage for the 
disk type of brake. 

The danger of overbraking, especially under conditions of poor 
adhesion, was clearly brought out in the test. Without resorting 
to sanding, once wheel sliding is initiated, whatever the cause, 
hope of a reliable short stopping distance must disappear. 

Ever since the Galton tests, it has been recognized that, once 
started, wheel sliding tends to persist, and the stop distance is 
radically increased. Wheel protective devices may restore the 
wheel to rolling and prevent wheel damage; but, since they must 
do this by reducing the braking effort, the stop will, of necessity, 
be longer than that obtained where no wheel sliding exists. 
Therefore it is of prime importance that wheel sliding be avoided. 
There must be constant vigilance to guard against overbraking 
and against assuming that a given value of rail adhesion is al- 
ways available or that the normal wheel load is constantly 
present. 

Attention is called to the fact that many factors—weight trans- 
fer, wheel condition, and track irregularities—are constantly pres- 
ent as limits to the amount of braking it is safe to do. 

To assume that a certain effective wheel load and adhesion 
value is constantly available is to put faith in something which 
has no existence in practical railroad operating conditions. 

Limited to sanding as the only practical method of increasing 
adhesion, the main problem in brake design is to build the brake 
that will always be just a little below the slipping point without 
ever overstepping the wavering line beyond which the wheel will 
slide. 

Present braking ratios are the result of years of experience. 
Long experimentation was necessary to find the practical level to 
which braking could be raised and still give reasonable freedom 
from the dangers of wheel slipping in actual day-to-day railroad 
service. Regardless of isolated performance and unusual labora- 
tory results, present braking ratios are not likely to be quickly or 
easily changed in actual railroad operation. 

There are numerous problems under investigation—a vast 
amount of data has been gathered and is being analyzed. As our 
Sirsa work continues, the results are being compared care- 
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fully with previous road and laboratory tests. Our search for 
better methods of braking and further design improvements will 
continue, and the results will be made available to the railroads. 

As so often happens in research and development work, an in- 
vestigation, which was expected to give a final and conclusive 
answer, succeeds also in opening up new questions which must be 
answered, and in uncovering new possibilities, perhaps in an- 
other related problem, which give an answer or which must be 
further explored. 

For example, in our investigation of stopping-distance change 
under rapidly repeated, high-speed, high-energy stops, it was 
disclosed, among other things, that the wheel did not thermal 
check, although it was subjected to an amount of abuse in ex- 
cess of that encountered in road service where thermal checks are 
being reported. 

An investigation of the problem of stopping distance uni- 
formity thus gave a new angle of approach to the problem of 
prevention of wheel damage, and made it necessary to add new 
investigations to those already in progress, aimed at finding the 
cause and cure of thermal checking. Presently a series of road 
tests, aimed at comparison of disk brake and clasp brake, vielded 
a set of wheels, submitted to highly abusive treatment, on which 
there is unshakable evidence of wheel punishment but no evi- 
dence of thermal checks. 

The wheels shown in Fig. 23 were not a part of a project 
aimed directly at studying thermal checking; yet they have pro- 
vided highly valuable experience in the problem of finding a cause 
and cure of thermal checking. It is only froin the slow ac- 
cumulation of evidence from many sources and from many dif- 
ferent fields that a final and conclusive answer is to be found to 
this problem. 

Two other factors, not strictly technical, may be touched on 
in conclusion. The first is safety. On no one does safety place a 
heavier burden than on the man responsible for the design of 
brakes. Brakes are the primary safety insurance. With safety, 
the brake designer must take no chances whatsoever. He must 
seek for reliability—unfailing reliability—under all weather 
conditions. He must aim at safe braking under the worst pos- 
sible combination of circumstances the brake may be called 
upon to face—rain, storm, ice, snow, and rough track. 


Fic. 23. Treav or Test-Car Wuee is Arrer EXCESSIVE BRAKING 

Another factor which must be considered by the brake designer 
is that, before he can adopt a new design, it must not only be 
proved absolutely safe and reliable, it must not only be able to fit 
into the existing pattern and harmonize with the old equipment, 
but provision must be made for its proper handling and servic- 
ing at every point at which it may be required to operate—day 


or night—winter or summer. 
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Further, there is the problem of obsolescence and life expect- 
ance. How long will it last? Railroad brakes cannot be de- 
signed in the hope of a new model every spring; they must be 
built to be certain that they will outlast the bonds. No clasp 
brake produced by the author’s company has ever become 
obsolete, nor has any truck design been offered for use by 
the railroads which prevented the application of clasp brakes. 
Before any other form of brake can be offered for general use, it 
must satisfy similar requirements. 

These are the reasons behind the extreme care exercised by the 
company in testing design changes before offering them as a 
regular product for railroad use. 
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Appendix 


In this section, formulas are derived for the effect of dynamic 
factors on braking performance, which effect it has not been pos- 
sible to measure accurately in field or laboratory tests. 

The factors considered here all affect braking by causing varia- 
tion in the wheel-rail pressure at high speed. 

They will be considered in the following order: 

i Wheel out of balance 

2. Track irregularities 

4 Weight transfer due to brake application 


1 Wheel out of Balance. 


The pressure of an unbalanced wheel against the track will be 
given by the equation 


where 


| 
“4 
1 
| P = Wo + W + Al 
1—{— 
(7) 
= sprung weight carried by one wheel 4a 
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W = unsprung weight carried by one wheel 


1 
ge cos 2mnt is effect of unbalanced 


T, 
force. The derivation of this formula is given 
by S. Timoshenko and B. F. Langer.* 


: r (22n)!, which is the centrifugal force of the 


unbalanced weight. 
unbalanced weight 
distance from w to center of axle 
number of revolutions per second of wheel 


r 

T: 
of wheel to frequency of natural vibration of 
wheel on track. 

%, ae T; = 1/n, the time for one revolution of wheel 


(7) is the dynamic factor governed by ratio of speed 


Ll , natural period of vibration of wheel 
ag 


on rail, neglecting effect of comparatively 
soft car springs and mass of rail 

a@ = vertical load necessary to produce a unit deflec- 
tion of rail = 147,300 Ib per in. for 130-lb 
rail on typical ballast 

g = gravitational constant = 386 in./sec* 

t = time 


The maximum loss of wheel-rail pressure occurs once during 


each revolution of the wheel, and the loss amounts to Q——— 


The dynamic effect of a low spot of a rail is computed from the 

basic equations of dynamics. The low spot is assumed to be 

_ located on a long rail which is supported on a flexible foundation 
(roadbed). 

: The solution of the problem of a vertical load on an infinitely 

long beam (rail) on a flexible foundation is well known. The 

theory is presented by S. Timoshenko.‘ The differential equa- 


2 Track Irregularities. 


a tion for the deflection curve is 


where 
zx = distance measured in direction of rail (load is located at 
z = 0) 
8s = static deflection of rail due to load 
k = spring constant of roadbed (foundation ) 
EI = flexural rigidity of rail 


For a single load P on a long rail, the solution is 


= BP (cos Blz| + sin Blz|) 
2k 


4 

Se 12... 
Nini 


in 
3 “Stresses in Railroad Track,” by 8. Timoshenko and B. F. 
Langer, Trans. ASME, vol. 54, 1934, pp. 277-302. 
‘Strength of Materials,’ by 8. Timoshenko, part 2, second edi- 
tion, D. Van Nostrand & Company, Inc., New York, N. Y., 1941, 


where 


The maximum deflection is under the load, where z = 0, and is 
P 


This equation gives us a convenient method to determine the 
value of k from an actual roadbed. If we assume that 8 and k 
are constant for a given roadbed, this equation shows that the 
deflection under the load is a linear function of the load, or that 


P 


where a = 2k/8, which is the vertical load necessary to produce 
unit deflection. 

The dynamic effect may now be computed from the equations of 
simple vibratory motion, where the term a@ corresponds to the 
constant of a simple spring. The basic theory of this analysis is 
contained in the paper by 8. Timoshenko and B. F. Langer.* 

Assuming that the effect of the variation of the car load on the 
wheel is small (which will be true for a well-riding car), and 
neglecting the mass of the rail, and damping, the differential 
equation governing the dynamic effect is 


where 
= unsprung mass per wheel 


= depth of low spot (given as a function of z) A 7 
2k 
“3 as previously explained 
= additional deflection of rail under dynamic influence és 


total deflection is thus y + u + &. 


v = speed of wheel (that 


Substituting Equation [8] into Equation [7] and rearranging, 
yields 


.- [9] 


We may approximate the shape of a low spot by a sine function, 
thus 


forOszsl 


and 
> 


where 
1 = length of low spot 
6 = depth of low spot at middle 


The solution must be obtained in two parts, the first part valid 
while the wheel is passing over the low spot, and the second 
valid after the wheel reaches level track again. 

Substituting the “low-spot function,” Equation [10] into Equa- 


tion [9] yields 


) 
= 
P 
~ 
= 
a | 
T 
at) 
then 
du du dtu d™u . 
= vand — = — 
dt dz dt® dz* 
€ | 
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Measuring time from the beginning of the low spot (where z = a 


0), we have z = vt. Substituting this into Equation [12] yields 


W d¥y W 2x 


The initial conditions at time ¢ = 0 are y = 0,dy/dt = 0. The 
solution of the differential equation, subject to the given initial 
conditions, is 


[14] 


= 


l 
-, time for wheel to cross low spot 
v 


W natural period of vibration of wheel on rail. 
ag 


T 


This solution is valid only while passing over the low spot. 
After the low spot is passed, the governing differential equation is 
obtained by substituting Equation [11] into Equation [9]. This 
yields 


The initial conditions for Equation {15] are obtained from 
Equation [14] by settingt = 7; 


The solution of Equation [15] subject to the given initial 
conditions Equations [16] is 


— 71) 


This result will be correct only for the initial cycle, since the effect 
of damping has been neglected. 

Of particular interest in wheel-adhesion problems of braking is 
the maximum loss of wheel-rail pressure. The change in wheel- 
rail pressure can be computed from the simple relation 


AP = ay.. 


and the maximum loss occurs when y is at its maximum nega- 
tive value. The value of y is given by Equations [14] and [17] 
in terms of t, and the maximum negative value of y is obtained 
by choosing the appropriate value of t. 

For convenience, essential nomenclature is listed below with 
Equations [14] and [17] 


. [18] 


for0 <¢< 7;. .[14] 
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6 = depth of low spot 

l = length of low spot 

v = velocity of train 

t = time from beginning of low spot 


l 
T; = -, time for wheel to cross low spot 
v 


2r 4 =, natural period of vibration of wheel on rail 
ag 
change in wheel load from static load 


unsprung weight of truck per wheel 

gravitational constant = 386 in./sec* 

vertical load necessary to produce a unit deflection of 
rail = 147,300 |b per in., for 130-Ib rail on typical bal- 
last. 


3 Eccentric Wheel. 


The formula for the effect of an eccentric wheel can be ob- 
tained from Equation [14]. If we consider the path of the axle 
center, it is at once evident that the effect of an eccentric wheel 
is the same as the effect of a series of low spots on the rail of a 
depth equal to twice the eccentricity, of length equal to the cir- 
cumference of the wheel, and of sinusoidal contour. However, 
we must now remember that the effect of damping was neglected 
in the derivation of Equation [14]. This was justifiable for the 
single low spot, but not for a long series of low spots. If damping 
is considered, the equation will have the form 


1 2nt 
ny (cos e~™ cos ... [14a] 
T / 


where 


e is base of natural logarithms 
is a constant depending upon damping of material 
e~™ is damping factor 


If \ is small (which is true for a roadbed) the factor e~™ will be 
approximately unity for a single low spot, and it may be omitted, 
as in Equation [14]. However, the effect of this factor for a 
long series of low spots (or an eccentric wheel) will be to reduce 
the second term in the parentheses to a negligible magnitude, and 
so Equation [14], as applied to the problem of an eccentric wheel, 


Since an eccentric wheel causes a “‘steady” vibration, Equation 
[19] may be called the “‘steady-state”’ solution of Equation [13]. 
This terminology is common in vibration work. 

The maximum loss of wheel-rail pressure will occur when y has 
a maximum negative value. The loss will amount to 


1 


The nomenclature is the same as in the section on track irregulari- = 
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NOMENCLATURE 


W = weight of car body uf ie 

wo = weight of sprung parts, front truck 
w = weight of sprung parts, rear truck 

w, = weight of unsprung parts, either truck a 
= deceleration due to braking 
g = acceleration of gravity 


{ car body = H’ 
front truck, sprung weight = Ho 
rear truck, sprung weight = H” 
either truck, unsprung weight = H;, 


Deceleration forces of 
Spring loads (per spring, or group of springs) 


H = horizontal force at rail, per wheel 
= retarding reaction at journal, per journal 
F = vertical rail reaction, per wheel 
P = spring force, per spring (or group of springs) 
Q = center plate load 


: Nore: 48, z, and y are positive as shown in the figure; they 

will be negative if taken on the opposite side of car center or 

truck center. Include bolster with car body weight; n is height 
_ from rail to anchor rod. 

‘ The following equations have been obtained by applying the 

basic principles of statics, neglecting rotary inertia of wheels 

and axles, and assuming that the horizontal deceleration forces 

; j divide evenly between the supporting elements available to carry 

such forces. Thus: 


Front truck H = 


4 


H 
Rear truck dt + 


_ Deceleration and static load forces only are considered, so that 
brake torque reactions must be handled as a separate problem. 


he 
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Discussion 

C. D. Srewart.® It is doubtful if many people who have heard 
or will read this excellent paper of Mr. Tack’s will appreciate the 
tremendous effort and cost incident to making available the sub- 
ject matter that it contains. Mr. Tack is to be congratulated for 
his interesting presentation, and his company for its foresighted- 
ness in providing such fine research facilities and making the re- 
sults available to all. The writer had the privilege of visiting the 
test car and observing the complete instrumentation and took 
particular note that the brake control equipment is arranged in 
such a way as to produce results comparable with actual serv- 
ice. 

It may be of interest to take a moment to discuss the place 
occupied by the pneumatic equipment in this brake picture. 
The title of Mr. Tack’s paper is “Development and Testing of 
Brakes for High-Speed Railroad Equipment.” The term brakes 
covers groups or systems of interrelated devices, the designing and 
manufacturing of which are divided among numerous manufac- 
turers. Hence the need for intercompany interest. 

There are five systems, the names and functions of each being 
the following: 


One: The running rails. The vital part they play in retarding 
a train can be appreciated fully by imagining the brakes being 
applied to the landing wheels of an airplane while it is still in 
flight. 

Two: The brake drums—usually the car wheels which are also 
the convenient connecting link between the moving cars and the 
stationary rails. 

Three: The brake shoes—which are the medium through which 
the kinetic energy of the car is transformed into heat. 

Four: The foundation brake gear—which is the power trans- 
mitting and multiplying medium. aie. 

Five: The air brake and related electric and pneumatic devices 
which produce the braking forces and modulate them in response 
to actuating impulses. 


These five groups did not always exist. With primitive man 
there were only two—the stationary earth and a movable sled. 
With the invention of the wheel a third group was added but 
centuries passed before man knew how properly to control the 
motion of the wheel. The first attempts were to convert 
the rolling wheels into sled runners by locking them and in spite 
of the fact that that has the ill effect of flattening the wheel it 
is surprising that such procedure is still indulged in occasionally 
today although it is not intentional. 

To reduce the likelihood of the wheels becoming sleds one of the 
pneumatic accessories of the air-brake group has for its function 
the momentary reduction of the braking force when wheel slippage 
occurs. This accessory has permitted the safe use of higher brak- 
ing forces without wheel sliding. 

For the same end purpose another electropneumatic accessory 
to the air brake is the speed-governor control. This device com- 
pensates for the change in brake-shoe friction with change in 
train speed. As the train speed is lowered the brake-shoe friction 
rises and the speed-governor control modifies the braking forces 
proportionately. 

Summing up, even when train speeds were lower and braking 
forces were less there were occasional incidents of slid flat wheels 
due to abnormal reduction in rail adhesion. With the material 
increase in train speeds, higher braking forces were necessary in 
order that stopping distance would be comparable with those from 
lower initial speeds. Thus, as the limit to normal rail adhesion is 
approached, it is necessary to employ every possible means to 


* Vice-President, Westinghouse Air Brake Co., Wilmerding, Pa. 
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guard against wheels sliding. Mr. Tack has carefully explored the 
several causes of lowered wheel-rail adhesion and seems to have 
made a strong case for each cause, and although the air brake 
accessory means cited are dependable in their functioning, still it is 
highly desirable that wheel-rail adhesion be sustained at the top 
practical level. 


H. N. Suppurs.* Mr. Tack’s paper has been most interesting. 
It obviously represents a great amount of exploration into the 
many factors involved in retarding railway vehicles by mechani- 
cal friction. The writer would like to make a brief comment on 
one of the most interesting aspects, the matter of available ad- 
hesion between a wheel and the rail, which places limitations on 
the braking torque. The paper points out and offers an explana- 
tion for the phenomenon of decreasing available adhesion with 
increasing speed. Many observers noted that this effect appeared 
prominently during braking tests of early high-speed trains which 
were built for operation within the 90 to 100-mile-per-hr-zone 
when efforts were made to raise materially the retarding torque 
at the high speeds and to prevent intolerable increases in this 
torque at lower speeds. In several instances wheel sliding oc- 
curred at retardation rate levels that were not considered to be 
high when related to expected wheel and rail adhesion. 

In a series of exploratory braking tests in 1937, on a single car 
mechanically equipped to obtain retardation rates of the nature 
of 4 to 5 mph per sec in the high-speed zones, it was found that 
even under favorable conditions of clean, dry, heavy-section rail 
the available adhesion proved to be considerably less than ex- 
pected through theoretical consideration of coefficient of static 
friction between the wheel and rail and of the static wheel loading. 
It was suspected that values of coefficient of friction were not 
basically at odds with static test determinations but that the 
wheel loading was far from static. Mr. Tack’s paper offers con- 
firmation of this. If the continuous wheel-load variation is 
visualized as producing a dynamic weight envelop encompassing 
the high and low instantanecus values, it is the lower boundary 
that must be considered in determining the adhesion available to 
support retarding torque and this boundary apparently becomes 
lower with increasing speed. 

Restoration of adequate adhesion values for higher retardation 
rates in these tests was accomplished by the use of good clean sand 
between the wheel and the rail. Retardation rates of the order of 
4'/, mph per sec at 100 mph and well over 5 mph per sec at 60 
mph were obtained without wheel sliding on a well-sanded rail. 
This emphasized the advantages to be gained by the proper dis- 
tribution and control of good sand for maintaining adhesion be- 
tween the wheel and rail and pointed to the development of an 
adequate and reliable car sander. 

In 1940 the first successful efforts along this line resulted in a 
type of train-lined sanding apparatus that was controlled manu- 
ally by the locomotive engineman except during emergency ap- 
plications, when it automatically operated at the start of the 
brake application at each car. In actual train service where 
sanding stations were located on each car it was so effective as to 
be used to an extent far greater than contemplated by the spon- 
sors, which was wasteful of sand and air. 

With the later development of antiwheel slide devices, it ap- 
peared logical that the first response of such a device on a car 
would be the ideal indication of the need for greater adhesion to 
support the desired braking torque. Consequently, the develop- 
ment was carried farther and has resulted in a completely auto- 
matic car sander that can be combined with any known antiwheel 
slide device for delivering sand in a reliable manner, as and where | 
it is needed throughout the train of cars. This type of sander — 
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operates promptly upon the indication of a wheel slip and pro- 
vides a limited though adequate amount of sand to the point of 
rail and wheel contact over a timed period. It is this type of 
sander and sanding control to which Mr. Tack refers in his paper 
and which is available to the railways in suitable combinations for 
modern passenger cars equipped with any of the latest types of 
mechanical] braking devices. 


B. 8. Cain.” It is shown in the paper that one of the most 
serious causes of loss of effective wheel load on the rail is due to 
track irregularities. A method of estimating this is given in the 
Appendix. The formula given is based on the assumption that 
the stiffness of the track remains constant and that the irregu- 
larity is due to a change in level, equivalent to a low spot being 
carved in the surface of the rail. Another common type of ir- 
regularity, not covered, is due to a variation of stiffness in the 
track. The track will be level until a load is placed on it and 
the deflection of the load will vary according to its position 
along the rail. In this case the calculation is not quite so easy, 
since the equation of motion can be solved only approximately. 

The important thing is that the results may be very different. 
In particular, if a wheel passes over a rail joint at high speed, the 
oscillation may be considerably less, if the joint is more flexible 
than the rest of the rail, than if the flexibility is constant and the 
joint is low. 


Rupen Exserctan.' In the author’s analysis of weight trans- 
fer due to brake application, the author considers the more general 
problem of an offset center of gravity for the car body, along with 
unequal weights for the unsprung parts wo for the front truck and 
w for the rear truck. 

The author’s conclusions for the vertical rail reactions due to 
weight transfer cannot be sustained if the rail retarding forces H 
are the same for each wheel and the truck weights are unequal. 

The front and rear center plate loads, i.e., the vertical com- 
ponent reactions between car body and trucks, are 


Q=W 2—B/a+a ("= 
ga 


[vs + Bla—a (" —")] 
ga 


The car body horizontal components at the front and rear 
truck, however, do not divide equally, as assumed by the author, 
since the retarding wheel forces H at the rail are determined by the 
brake torque and therefore are sensibly the same for either rear 
or front truck. Using the author’s nomenclature Pa” 


= 4H — H,— H" (rear truck) 


Ww 
— H'=—a 
g 


Since A, = — a, Hy = —a,H" = and 
g g 


and 8H =H’ +H. +H* + 2H, 


H, = + H*— Hy) = 1/(W + w—w) = 


Hy = '/2(H' + Ho— H*) = '/(W + — we) 
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Thus an additional term +'/,(w — we) - < should be added 


to the expressions for rail reactions. 

In addition to these reactions, assumed exerted through the 
center plate, there is a moment exerted at the center plate between 
ear body and truck. 

In general, the moment reaction at the center plate, which with 
the vertical and horizontal components are the reactions of the 
ear body on the truck, is statically indeterminate. It depends 
not only on the location of the anchor rod, but also on the brake 
reactions and the springing of the truck. The center plate bearing 
should be designed to sustain the full moment of this combination 
to prevent upsetting during braking. 

While the inertia load due to axle wheel rotation is small] com- 
pared with the total inertia, it is not negligible when compared 
with the unsprung weights. The rotational inertia can readily be 
considered by augmenting w, by the expression, 

Ww, € 


w, = axle wheel assembly, weight ¢ = radius of gyration 


(around O7R). 


When w = wo, and the inertia load due to wheel rotation is 
neglected and the moment reaction between truck and car body 
at center plate equals the moment of anchor rod about center 
plate, the author’s expression can be used as a first approxima- 
tion. 

If we lower the anchor-rod height above rail n to a height below 
the center plate, the author’s formulas with equal-weight trucks, 
retain approximately their validity. If we consider the over-all 
truck including center plate, this implies an external moment 
effected by unequal bearing pressures at the center plate which re- 
sist the thrust rod moment about the center plate. But this 
moment can be further modified by the bolster springs. If we 
neglect the moment of the bolster springs about the center plate, 
then the anchor-rod height determines the effective moment which 
causes the major weight transfer. It is obvious that by lowering 
the anchor-rod height above rail, we can considerably reduce the 
weight transfer. But this also requires an ample center plate 
bearing for sustaining the eccentric moment of the anchor rod 
relative to the center plate. Another way would be to use a deep- 
seated spherical bow] for the center plate. 

In the author’s analysis of the spring loads, it is assumed that 
the tilting effect on the springs is due solely to the moment of the 
thrust-rod and spring-truck inertia force about the axle bearing at 
pedestal. This assumption is correct only provided the brake- 
torque reactions are taken entirely on the nonspring supported 
parts, i.e., on the equalizer bars. The author does not disclose 
how the brakes are mounted. 

If, on the other hand, the brake-torque reactions are taken by 
the spring-supported truck frame, it is then not permissible to 
neglect these reactions in estimating the spring loads. Moreover 
the brake-torque reactions cannot be handled as a separate 
problem. It is the brake torque that causes the rail wheel forces 
H and the retardation of the trucks and car body. 

In obtaining the weight transfer at. the rail, it is true that the 
brake-torque reactions are of an internal character and therefore 
do not explicitly appear. When, however, the brake-torque 
reactions act on the truck frame, as with a nose suspension, or are 
suspended from the frame, as in the clasp brakes, these reactions 
are of an external character and must be included among the 
forces which determine the spring loads. For this case the spring 
loads would be considerably different from that given by the 
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With clasp brakes, the torque reaction considerably increases 
the spring loads over that given by the author’s values. 

On the other hand, when the disk-brake assembly is supported 
partly at the journal bearings and partly by a nose suspension, 
as in the C Frame of the Budd Disk Brake, the nose reactions on 
the frame practically eliminate any change in spring load during 
braking. In this case the truck frame does not cant in braking. 
Since the inclination of the car body is negligible, the bolster 
springs are likewise not affected in braking. This feature in the 
Budd Disk Brake design is important in greatly reducing aug- 
mented spring stresses during braking. 

It is interesting to note that with clasp brakes and with 300 
per cent braking, forward equalizer springs practically become 
solid. 


AvuTHoR’s CLOSURE 


The comments by Mr. C. D. Stewart and Mr. H. N. Sudduth, 
amplifying the presentation, are appreciated, as are the sugges- 
tions by Mr. B. 8. Cain and Mr. Rupen Eksergian. 

Mr. Cain is correct in pointing out that varying track stiffness 
is more commonly encountered than irregularity in the surface of 
the track. Further, it is true that the varying stiffness will have 
less effect on the instantaneous wheel load on the rail, though it 
is another factor which does affect the amount of braking torque 
which can be delivered successfully by the wheel to the rail. 

Mr. Eksergian is correct in stating that the horizontal forces 
do not divide equally when unequal truck loads are encountered. 
He presents a computation based upon the assumption that the 
retarding forces at the rail are equal for both forward and rear 
trucks. However, for an unsymmetrically loaded car, where the 
truck Icads are unequal, an adjustment to proportion the braking 
effort is made quite simply on clasp-brake equipment by drilling 
the levers suitably. This adjustment is accomplished with more 
difficulty on disk brakes, and it is common practice to average 
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the braking effort instead of adjusting for unequal weights on 
each truck. Mr. Eksergian’s computation accordingly can be 
used only as a first approximation in a practical case. Both 
computations indicate the effect of weight transfer on wheel to 
rail load, which cannot be avoided. 

The suggestion that the inertia load due to wheel and axle 
rotation be included in a weight-transfer calculation was consid- 
ered by the author. It was decided to omit this factor, and 
call attention to its omission, as was done in the Appendix. To 
improve the accuracy, it would be desirable to use the method 
pointed out by Mr. Eksergian. 

Mr. Eksergian’s comments on the effect of anchor-rod location 
point out the necessity for careful design of the entire truck. If 
the anchor rod is lowered to reduce weight transfer in the truck, 
the added moment on the truck bolster must be taken into con- 
sideration, and compensation made. 

In practice, the anchor rod is located to reduce the tilting 
moment of the truck bolster to a practical minimum. The analy- 
sis offered applies to conditions found in practically all postwar 
passenger cars having four-wheel equalized trucks, 

The author's analysis contemplated forces due to “weight 
transfer’ only, as these appear externally to affect instantaneous 
wheel load on the rail, and thus act to limit the braking which can 
be accomplished. 

Internal reactions due to brake-torque forces cause additional 
spring loads, as pointed out by Mr. Eksergian—but do not appear 
externally and, therefore, were not included, as they have no 
bearing on the problem of wheel load on the rail. It should be 
understood clearly that the brake-torque reactions and the re- 
sulting truck-spring loads are of an internal character and, there- 
fore, have absolutely no influence on the problem of wheel load 
on the rail. The question of brake torque naturally should be 
considered when designing a truck, and suitable allowance made 
in designing the springs. ” 
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Comparative silat of Some Adhesive- 


Adherend 


By N. J. DeLOLLIS,' 


The strength properties of various adhesive-adherend 
combinations were determined as one phase of an investi- 
gation of the nature of adhesion. The adhesives were poly- 
vinyl acetate, cellulose nitrate, resorcinol resin, casein, 
gum arabic, natural rubber, and neoprene. The adherends 
were stainless steel, aluminum alloy, paper-phenolic 
laminate, glass, birchwood, and hard rubber. The prop- 
erties studied were double-lap shear, tensile, long-time 
loading shear, and impact strengths. The tensile-ad- 
hesion and shear-strength values for a given adhesive- 
adherend combination did not differ greatly except for 
woud and paper-phenolic laminate, which are noniso- 
tropic. The highest values (up to 3600 psi) were obtained 
with polyvinyl-acetate and cellulose-nitrate adhesives. 
The thermosetting resorcinol resin showed no appreciabie 
flow in supporting a load of 680 psi for 6 months, whereas 
the thermoplastic polyvinyl acetate failed in 45 days 
under a load of 200 psi. The rubber-type adhesives which 
were weak compared with the other adhesives in the static 
load tests were definitely superior in the impact tests. 
Better correlation of shear strengths was observed with 
the moduli of elasticity than with the dielectric constants 
of the materials used in the various adhesive-adherend 
combinations. 


INTRODUCTION 


4 XPERIMENTAL work on adhesives has been concerned 
iD largely with the development and use of products for 
industrial purposes. The aircraft industry has employed 
adhesives quite extensively (1-5). Current interest in sandwich 
construction also serves to emphasize the increasing importance 
of adhesives in new types of airplanes. 
Study of the fundamentals of adhesion has been relatively 
meager (6, 7). A survey of the information available on the 
nature of adhesion was published recently by the National Ad- 
visory Committee for Aeronautics (8). 
An investigation, under the sponsorship and with the financial 
assistance of the National Advisory Committee for Aeronautics, 
was undertaken at the National Bureau of Standards to obtain 
comparative data on the strengths of the bonds between various 
chemical types of adhesives and representative adherends. The 
results of these tests should give some indication of the specific 
attraction between these various materials and hence lead to a 
better understanding of the nature of adhesion. 
The information will also be useful in the selection of adhesive- 
_ adherend systems for the more fundamental studies of adhesion 
which are in progress in this laboratory. 
1 Organic Plastics Section, National Bureau of Standards. 
? Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
_ Contributed by the Rubber and Plastics Division and presented 
- at the Fall Meeting, Worcester, Mass., September 19-21, 1950, of 
Tue American Society or MecHanicat ENGINEERS. 
‘ Note: Stat ts and op advanced in papers are to be 
- understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters on 
June 15, 1950. Paper No. 50—F-15. 
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DEFINITION OF TERMS 


Shear Strength. Maximum load sustained by the specimen 
divided by the bonded area. The bonded area for a double-lap- 
joint specimen is twice the product of the overlap and the width. 

Tensile-Adhesion Strength. Maximum load sustained by the 
specimen divided by the bonded area. 

Statistical Terms. “Mean value” is the arithmetic mean of a 
set of measurements. 

“Standard error of the mean” (usually called the “standard 
error” if no other statistic is referred to at the same time) 


... 
n(n — 1) 


+ 
SE = — 


where 


r, = difference between ith measurement and mean value 
fh = number of measurements 


“Coefficient of variation” (measures scattering as a percentag 
of the mean) 


ry? + ret + 


Mean value 
MATERIALS 


The choice of adherends and adhesives for this work was gov- 
erned by the desire to study many different chemical types of 
bonds. The adherends used included stainless steel, aluminum 
alloy, paper-phenolic laminate, plate glass, birchwood, and 
hard rubber. The types, sources, and thicknesses of these mate- 
rials are listed in Table 1. 

The types of achesives used in this investigation are as follows: 


Adhesive 
Cellulose nitrate 
Polyviny] acetate 
Resorcinol-formaldehyde 
Casein 
Gum arabic 
Rubber (smoked sheet) 
Neoprene 


Type 
Cellulose ester 
Thermoplastic resin 
Thermosetting resin 
Protein 
Vegetable 
Natural rubber 
Synthetic rubber 


Compounding agents were used with the adhesives in as small 
amounts as possible in order to keep the chemical nature of the 
bond between adhesive and adherend of the simplest possible 
type. Camphor was added to the cellulose nitrate in order to 
bring its softening or flow temperature below its decomposition 
temperature. Thymol was added to the gum-arabic solution as a 
preservative; otherwise the gum arabic became moldy. Neo- 
prene and natural rubber were compounded with what was con- 
sidered the minimum number of agents necessary to vulcanize 
them properly. Neither accelerators nor antioxidants were 
added. The types, sources, and formulation of the adhesives are 
shown in Table 2. 


PREPARATION OF SPECIMENS 


Surface Treatment of Adherends. The proper surface treatment 
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7 TABLE 1 


Stainless steel....... 


Aluminum alloy. . 


Grade X 


Plate glass 


Yellow birch 


Type 
18-8 
teel Co 


DESCRIPTION OF ADHERENDS 


"Phiekness 


ia. 
10 


Manufacturer 
Ludlum 
rporation 
Company 
of America 


ny 


Westinghouse Electric 
Company 


Pittsburgh Plate Glass 
‘ompany 


Parkwood Corporation ae 

" 


Rubber 


TABLE 2 DESCRIPTION OF ADHESIVES AND PROCESSING DATA 


Formulstion 


—Manufactures 


Cellulose Nitrate 
Polyvinyl Acetate 


20 Sec. Viscosity 
avar 


Hercules Powder Co. 


Carbide and Cerbon 
Chemicele Corp. 
Resorcinol Resin 


Penacolite Pennsylvania Coal 


Products Co. 


Casein Company of 
America 


G1135-a 


Casein Reg. B1 


Gum Arabic we Manufacturing 


Rubber 


Neoprene 


+ Ine 


Cellulose nitrate 


Polyvinyl acetate 
Ethyl acetate to 


I 


f. Rubber 


Benzene 
Zinc oxide 
Sulfur 


of the adherend was found to be of primary importance in ob- _ 
taining optimum bonds. Not only was the surface cleaned, but | 
the freshness of the surface was preserved after cleaning by im- 
mersion in a solvent until the adhesive was applied. 

The metals were cleaned in a volatile organic solvent to re- 
move oil and grease and were pickled in acids to remove any oxide 
film. The stainless steel was treated with 50 per cent aqua regia 
for approximately 5 sec and rinsed thoroughly in cold water. 
The aluminum alloy was treated with a 5 per cent phosphoric- 
acid solution for about 5 min and rinsed in cold water. The time 
of immersion in the respective acids was dependent on the fresh- 
ness and temperature of the acids. 

The paper-phenolic laminate had a glossy smooth surface to 
which none of the glues adhered very well. Washing with soap 
and water or soaking in benzene or acetone did not affect this 
passive surface. The surface layer had to be entirely eliminated 
by sanding with No. 00 sandpaper (9-11). 

The glass was cleaned by heating in a sodium dichromate- 
sulphurie acid solution and rinsing thoroughly in water. The 
birehwood and hard-rubber specimens were cleaned by sanding 
with No. 00 sandpaper (12). 

The solvent used for preserving the fresh surface depended 
upon the adhesive to be used, as follows: 


E. I. du Pont de Nemours 
and Co., Inc. 


Ethyl acetete 
Zino oxide 
Magnesium oxide 


Ying 


100 
300 


3 8 
3:8 


Water 

(8oak for 15 min) 
Calcium hydroxide 
Sodium fluoride 


Sodium phosphate (12 H 2°) 


af 
Adhesive 
Cellulose nitrate 
Polyvinyl acetate 
Resorcinol-formaldehyde 
Casein 
Gum arabie 
Rubber 
Neoprene 


ere! Solvent used to preserve 
adherend surface 
Ethyl acetate 
Acetone 
Acetone 
Acetone 
Acetone 
Benzene 
Ethyl acetate 


In the case of the resorcinol-formaldehyde, casein, and gum- 
arabic adhesives, which were used in aqueous solutions, the ad- 
herend surface was air-dried 15 min before applying the adhesive 
Although acetone is soluble in water, it is not a solvent for casein 
or gum arabic and tended to precipitate them from the aqueous 
solutions. The wood specimens were not immersed in a solvent; 
the surfaces of this adherend were sanded immediately prior to 
application of adbesive. 

Procedure for Bonding Specimens. The clamping frames used 
in assembling the specimens are shown in Figs. 1 and 2. It was 
found that, to prepare the test specimens properly, different 
conditions for drying the coated adherends and bonding the 
assemblies were required with each adhesive. The time, tem- 
perature, and pressure conditions employed are shown in Table 2 

The temperature rise during the bonding cycle with the neo- 
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Paper-phenolic laminate. ... . .. 
— 
Adhesive _ — parte by » 
2 2 120 
0.25 25 20 65 
a 0.5 25 20 25 
moked Sheet 1 25 7 140 150-200 
Gum arabic 50 0 il 
Water 50 0 
\ 
a¢ 
a 


= orrect temperature. 
br (13). 
7 sate for the temperature lag, a complete cure was obtained. The 


Fie. 1 Crampine Frame ror Preparation oF SHEAR SPECIMENS 
. -prene adhesive was determined with a thermocouple placed in 
the adhesive. It was found that 2 hr was required to reach the 
The prescribed time of cure at 120 C is 
By adding 1 hr to the prescribed time to compen- 


rs -natural- rubber cement was cured for various lengths of time at 
140 C until the curing time was found which would produce a 
properly vulcanized product. 

For polyvinyl acetate, resorcinol-formaldehyde resin, casein, 
and gum arabic, all of which flow readily, a pressure of only 3 psi 
was required to produce full contact between the coated surfaces. 

_ For cellulose nitrate and the natural and synthetic-rubber ad- 

_ hesives, the resistance to flow was much greater, and pressures of 
_ 150 to 200 psi were necessary to insure close contact between the 
adherend surfaces in the assembly. 


Test Procepures 


All specimens were conditioned for a minimum period of 7 days 
at a temperature of 25 C and 50 per cent relative humidity and 
were tested under these conditions. Two P —dwin-Southwark 
universal hydraulic testing machines of 2400 and 60,000-lb capac- 
‘ities, respectively, with scale ranges of 240, 1200, 2400, 12,000, 
and 60,000 pounds, were used to make the shear and tensile tests. 

Shear Tests. Double-lap-joint specimens were used in deter- 
mining shear strengths of the adhesive-adherend combinations. 
‘The specimens were broken under a tensile load except for glass 
bonded with cellulose nitrate and polyvinyl acetate. These 

latter specimens failed repeatedly in the adherend under tensile 
loading; compression loading gave more satisfactory results. 

Sheet material of two thicknesses, approximately '/s and '/, 
in., were used to make tensile-type shear specimens; the thicker 
strip was used between two of the thinner strips, as shown in 
Fig. 3(a). An exception to this was necessary in the case of the 
stainless steel which was available only in 0.1-in. thickness; 

three strips of equal thickness were used to make the shear speci- 

mens of this material. The strips were machined to 5 X 1-in. 

_ dimensions and bonded with an overlap of 1.0 in. When failure 

occurred in the adherend, the overlap was reduced to 0.5 or 0.3 
 in., as indicated in the tabulated data. 

Templin-type self-aligning grips were used in the shear tests with 


Fic. 2 Crampine Frame ror Preparation or TENSILE SPECIMENS 


tensile loading. The rate of loading was adjusted within the 
limits of 200 to 1000 Ib per min so that the maximum load was 
applied in about 3 min. The loading rate for each system was 
determined by trial tests. 

The compression-type shear specimens were made of strips of 
glass 1 in. long, 0.5 in. wide, and 0.25 in. thick, with an overlap 
of 0.3 in., Fig. 3(d). They were tested in a subpress as shown in 
Fig. 4. Blotting paper was placed at the bearing surfaces of the 
glass to prevent stress concentration and premature failure of 
the test specimen. The rate of loading was adjusted as described 
for the tests with tensile-type shear specimens. 

Tensile Tests. Tensile-adhesion strengths of the adhesive- 
adherend combinations were determined by using specimens and 
self-aligning grips (14) (see Fig. 5). 

The glass specimens, Fig. 6(a) were cast from melted 1-in- 
thick plate glass. The specimens were machined from 1’/s-in-diam 
rod in the case of the two metals, Fig. 6(b) and from 1-in- 
thick sheet in the case of the phenolic laminate, birchwood, Fig. 
6(c), and hard rubber. 

The contact area for the tensile specimens was | sq in. except 
when smaller contact areas had to be used, because the specimens 
failed in the adherend. A contact area of 0.25 sq in. was used for 
the phenolic laminate bonded with cellulose nitrate, polyviny] 
acetate, and casein; for glass bonded with cellulose nitrate and 
polyvinyl acetate; and for hard rubber bonded with cellulose ni- 
trate, Fig. 6(d). A contact area of 0.5 8q in. was used for all speci- 
mens prepared with the birchwood. 

The rate of loading in the tensile tests was adjusted within the 
limits of 200 to 1000 Ib per min so that the maximum load was 
applied in about 3 min. 

Long-Time Loading Tests. The same type of double-lap-joint 
specimen used in the shear tests made with tensile loading was 
employed in the long-time loading tests, Fig. 3(6). An overlap 
of 0.5 in. was adopted, and the strips were mavhined to widths 
selected to obtain average shear stresses of 200 to 1300 psi. The 
load was applied by hanging either a 50 or a 100-Ib weight from 
the specimen, Fig. 7. 

Impact Tests. Single-lap-joint specimens of aluminum alloy 
and wood were used to evaluate the impact strength of bonds 
made with the various types of adhesives. The specimens were 
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Fic. Specimens ror DererRMINATION oF SHEAR AND Impact STRENGTHS Fic. 5 Se.r-Avienine Grips 


(A, Tensile-type shear specimen. B, Long-time loading shear specimen C, Impact specimen. D, Compres- Usep iv Maxine TeEnsiie- 
sion-type shear specimen.) Type Saear Test 


Fic. 4 Suppress ror Use 1n Maxine Compression-Tyre SHEAR 
Test 
(A, Glass adherends. B, Metal adherends. C, Wood adherends. 


Hard-rubber adherends.) 
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3.8 Macuine Usep Makine 
Cuarpy Impact Test 


es _ made with strips 2.8 in. long and 0.5 in. wide with an overlap of 
0.5 in., Fig. 3(c). The thickness of the strips was 0.1 in. for the 


_ aluminum alloy, and 0.25 in. for the wood. The specimens were 
tested both edgewise and flatwise by the Charpy impact method 


with a Baldwin-Southwark pendulum machine having a capacity 
of 2 ft-lb, Fig. 8. 


Resvutts or Tests 


Shear and Tensile-Adhesion Strength. The data obtained in the 
shear and tensile-adhesion strength tests are presented in Tables 
3 and 4, respectively. The data are grouped according to ad- 
hesives in Fig. 9, and according to adherends in Fig. 10. 

Polyvinyl-acetate adhesive gave consistently high tensile- 
adhesion and shear strengths with all adherends. With stainless 

steel and aluminum alloy the shear and tensile-adhesion strengths 

- were 2900 to 3600 psi. In only three instances, with wood and 

hard rubber in tensile adhesion and with hard rubber in shear, 
did the polyvinyl acetate fail to give the highest values. 

Cellulose nitrate plasticized with camphor ranks next to vinyl- 
acetate resin in giving strong bonds with all the adherends. 
However, it was necessary to use a large amount of the plasticizer 
to obtain fusible adhesive films. 

The resorcinol-formaldehyde resin adhesive produced good 
bonds with the organic adherends and bonds of negligible strength 

_ with the inorganic substances. 

Casein and gum arabic, which depend on loss of water to 
achieve their optimum strength, gave highest values with the ab- 
sorbent materials such as wood and paper-phenolic laminate. 

_ Shear specimens of aluminum, bonded with gum arabic, showed 
an appreciable gain in strength when they were given a long 
conditioning and drying period, Table 3. They increased in 
strength from a value of 330 psi for the usual 7-day period to 
530 psi for a 20-day drying period. 
The rubber cements gave uniformly low values. Cure of the 
natural rubber to a hard nonrubbery texture gave higher values. 
For example, the tensile-adhesion value for wood, bonded with 
overcured natural rubber, was 530 psi, compared with 174 psi 
for a rubbery cure. 


Good bonds were obtained with the metals and glass only with 
the polyvinyl-acetate and cellulose-nitrate adhesives. 

Wood and paper-phenolic laminate were the only nonisotropic 
materials used. The load was applied in the strongest direction 
of these materials in the shear test and in the weakest direc- 
tion in the tensile-adhesion test. The large differences between 
the shear and tensile-adhesion strengths of these two materials 
were probably due to this factor (9). 

In quite a few of the tests the values were affected by the 
strength of the material bonded since the failures were wholly 
or partly in the adherends. However, the strength of the ad- 
herend is not the only determining factor in the failure of the 
bond. The wide spread in the strength values, obtained in tests 
in which a given adherend bonded with various adhesives showed 
cohesive failure, suggests that additional chemical or physical 
factors are involved. For example, with paper-phenolic lami- 
nate, adherend failure occurred with shear specimens bonded 
with polyviny] acetate, cellulose nitrate, resorcinol resin, and ca- 
sein adhesives at average shear stresses of 2480, 1680, 1370, and 
1030 psi, respectively. The amount of adherend failure was 90 
to 100 per cent for the first three adhe-‘- es and averaged 35 per 
cent for casein. 

In a study of the effect of pH on the strength of wood veneers 
(10) it was shown that acids and bases definitely weaken them. 
The casein formulation is very alkaline; when it was used with 
aluminum a large amount of corrosion was observed. This 
chemical action may be reflected in the values obtained with 
other adherends. Therefore, while chemical action between the 
resin and adherends such as paper-phenolic laminate or wood 
may strengthen the bond, it may also tend to weaken the wood or 
phenolic laminate. 

The solvents which were used as the vehicles for cellulose 
nitrate and polyvinyl acetate could possibly have a weakening 
effect on the wood because of solvent action on the ligneous fiber- 
bonding material. Such activity may vary with the difference 
in penetrating powers due to differences in viscosities of the ad- 
hesive formulation. 

Another physical factor capable of explaining variable strength 
values when adherend failure occurs is the ductility of the adhe- 
sive. The thermoplastic adhesives, by flowing at a yield stress, 
can relieve stress concentrations which exist at the ends of the 
laps in the shear specimen (11). 

Long-Time Loading Shear. The results of the long-time 
loading tests are presented in Table 5. Fig. 11 indicates clearly 
the difference in behavior of thermosetting and thermoplastic 
resin adhesives. 

For the specimens bonded with polyviny! acetate, the static 
test is an indication of the adherend strength since the speed of 
loading is greater than the plastic flow, and the adhesion strength 
is greater than the adherend strength. 

On the other hand, in the long-time loading tests with speci- 
mens bonded with polyvinyl] acetate, plastic flow of the adbesive 
is the main cause of failure. The rate of plastic flow is such that 
from 600 to 2500 psi the bonds fail in less than 4 hr. Below 600 
psi the plastic flow decreases rapidly so that a relatively smal) 
drop in stress greatly increases the time to failure. 

Three wood specimens bonded with resorcinol resin were sub- 
jected to the long-time load test. Two of them broke under loads 
of 1360 and 1070 psi in 65 and 219 hr, respectively. In both cases 
the failure was partially in the wood. The third specimen sup- 
ported a load of 680 psi for 6 months, at which time the test was 
discontinued. Thus plastic flow of the adhesive is not a major 
factor in the failure of wood joints bonded with the thermo- 
setting resin. 

Impact Strength. The results of the impact tests on single-lap- 


joint specimens are shown in Table 6. The rubber adhesives 
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TABLE 3 SHEAR-STRENGTH DATA FOR VARIOUS ADHESIVE-ADHEREND COMBINATIONS* 
Cellulose Polyvinyl Resorcinol 
-Mitrate. -Acetete  _ Resin 


Stainless Steel 
Shear Strength (1b/in. 2} 
Standard Error (1b/in.? 
Coefficient of Variation 
Number of Specimens 


Aluminum Alloy 
Shear Strength 1p/in. 
Standard Error (1b/in.? 
Coefficient of Variation 
Number of Specimens 


Laminate 
hear Strength 2} 
Standard Error (1b/ in.2 
Coefficient of Variation 
Number of Specimens 


Glase 
Shoes Strength (1b/in.2) 
Standard Error (1b/in. 
Coefficient of Variation 
Number of Specimens J 


Birch Wood 
hear Strength (1b/in. 
Stendard Error (1b/in.2 
Coefficient of Variation (#) 
Number of Specimens 


Hard Rubber 
Shear Strength 2 
Standard Error (1b/in.2 
Coefficient of Variation (4%) 
Number of Specimens 


a. A tone tlo-type specimen with an of 1 inch was used unless 


Specimens failed partly in adherend. 


Overlap 0.5 inch. 


Specimens dried for 29 daye instead of 7 days gave the following: 


Shear Strength (1bd/in. 3} 530 
Standard Error (1b/in.* 8 
Coefficient of Variation (4) 43 
Number of Specimens ll 


T 


S STAMLESS STEEL 


Fis. 9 Comparative Bonp-Strenota VaLues GrouPEeD 
To ApHEsives Usep 


/ 
Neoprene 
1580 2960 o 130 270 90 
1 12 6 3 11 
60 3560 120 330° 0 130 
12 23 8 fof 9 
jee 31 93 28 30 24 5.5 5 
aire (%) 6.4 12 6.8 10 18 15 8.2 
— 12 10 11 12 11 12 12 
1680°»¢, 23100,4,¢ 29 210 43 100 ’ 
ho 110 7.1 3.5 14 
9.5 11 55 10 ke 
14 6 -- 8 9 12 11 
1990%°¢ 1940>+¢ 1660%»° 630 160 180 
39 66 46 55 au 12 4.6 
3.3 10 9.7 ii 13 26 8.9 
ee 10 17 12, 11 12 12 
1000>»4 590>+° 150 2ko 190 230 
18 te 61 9.6 13 7 8.9 
6.3 22 23 21 18 13 13 
12 10 5 12 12 12 12 
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TABLE 4 TENSILE-ADHESION STRENGTH DATA FOR VARIOUS ADHESIVE-ADHEREND COMBiNATIONS* 
Cellulose Polyvinyl Resorcinol 
~Acetate. Resin 


Tensile~- Adhesion Strength ) 
Standard Error (1b/in.*) 
Coefficient of Var.ation (4) 
Number of Specimens 


Alloy 
"Tenei le-Adhesion Strengsh (1b/in.2) 
«Standard Error (1b/in. 
Coefficient of (4) 
Number of Specimens 


* 
Lamina 
ensile-Adhesion Strengsn (1b/in.2) 
Standard Error (1b/in. 
Coefficient of Variation (%) 
Number of Specimens 


Glass 
Tensile-Adhesion (1/in.?) 
Standard Erra (1b/in. 
Coefficient of (4) 
Number of Specimens 


Wood 
Tensile-Adhesion Strength (1b/in.@) 
Standard Error (1b/in. 
Coefficient of Variation (4) 
‘Number of Specimens 


‘Hard Rubber 
Tensile-adhesion (1v/in.2) 
Standard Error (1b/in. 
Coefficient. of (4) 
Number of Specimens 


on 
A specimen with a contact area of 1 square inch was used unless otherwise noted. 
Specimens failed partly in adherend. 


Contact area 0.5 equare inch. + ip 


ait Py 


superior in resistance to impact. This behavior is most pro- 
nounced for the aluminum specimens. The average impact es island 
- strength of the neoprene-bonded aluminum specimens for flat- 
wise and edgewise testing was about 1 ft-lb compared with 0.17 4 
Ib or less with polyvinyl-acetate cement, a factor of 6 or more 
favor of the neoprene adhesive. In contrast, the tensile-adhe- 
‘sion and shear-strength values for the neoprene with aluminum f 
alloy are about one te enth of the values for specimens bonded with 
-polyviny! acetate. 
Likewise, the wood-impact specimens, bonded with natural 
rubber and resorcinol adhesives, had impact strengths of 0.6 and 
0.4 ft-lb, respectively, in edgewise tests and 0.17 and 0.08 ft-lb, 
respectively, in flatwise tests. In the static tests with wood 
specimens, the resorcinol-resin adhesive was 2 to 10 times as 
strong as the rubber cement. 


THEORETICAL ASPECTS 


It is of interest to consider the results of these tests on the rela- 
tive strengths of various adhesive-adherend combinations with 
respect to the nature of the interface. A knowledge of the 
physical and chemical nature of the surfaces involved is neces- 
sary to establish the type of bond formation which may occur (8). 
Several types of bonds are recognized as factors in adhesion: (a) 
Electrostatic or polar bonds which are formed in the actual 
transfer of electrons from one atom to another; (6) covalent 
bonds which are the type encountered in diatomic elements and 
organic compounds; (c) co-ordinate covalent bonds which 19 Comparative Bonp-StRENGTH VALUES Grovurep Accorp- 
are weaker than the true covalent type and are Senge by inc To ApBEeReNps Usep 


10” 


10 110060 4 
21 19 23 
1500 110 110-390 
23 3 30 18 
12 25 17 2 1 12 
149 62 27 2 15 
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10 10 11 10 10 12 
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TABLE 5 LONG-TIME LOADING SHEAR DATA FOR VARIOUS ADHESIVE-ADHEREND 
COMBINATIONS*® 


Ovesten, Stress, Time to failure, 
Adherend Adhesive psi hr 
Paper-phenolic laminate....... Polyvinyl 


PY 2480 Static test? 
acetate 660 21/3 


0.5 
480 36 
1080 

Static 


Polyvinyi 
acetate 


© 


Resorcinol 


1940 Static test) 
resin 65 


1360 

680 4320 (6 monthe 
without failure) 


os 


* A double-lap tensile-type specimen was used. “eX 
> Partial failure in adheren 7 : 


“TABLE 6 IMPACT-STRENGTH DATA FOR ADHESIVE-ADHEREND COMBINATIONS? 
Energy to Break Tossing Tossing Energy Impact 


Specimens, Wood Energy, Correction, Strength, 
Failure 


Wa e 
Adherend Adhesive (ft-1b) (4%) ft-1b (ft-1») (ft-1b) 
EDGEWISE IMPACT TESTS : 
1 0 


Birch Wood Polyvinyl Acetate 
Resorcinol Resin 50 
Gum Arabic 0 
Rubber 80 


SE SESE 


oo 


Aluminum Alloy Polyvinyl acetste 0 
Neoprene 0 


FLATWISE IMPACT TES 


a 


Birch Wood Polyvinyl Acetate 
Resorcinol Resin 6 
Gum Arabic 
Rubber ks 


Aluminum Alloy Polyvinyl Acetate fe] 
Neoprene 


SE 


une quantities in the table are defined as follows: 
= Capacity of that range of machine being used. 
= Indicated energy to break specimen, i.e., not corrected for friction and windage losses. 
= Energy to break specimen, i.e., Wy corrected for friction and aah ps losses. 
= Tossing energy, corrected for friction and windage losses. 
= Tossing energy correction which is assured to be as follows: wl ey ee 


hydrogen bridging; (d) Van der Ws aal’s , forces which consist of 
ome acevare molecular attractions operating over greater distances than those 
© BIRCH WOOD POLYVINYL ACETATE involved in the formation of primary valence bonds. Specific 
adhesive bonds may be attributed to any of the foregoing factors 
or to various combinations of them. 


| 


It might be expected that when secondary forces are involved, 
the polarity of the materials at an interface would be a predomi- 
nant factor in the strength of the bond between them. It is 
known that the force between molecules with high dipole moments 
is greater than that between molecules with low or no dipole 
moments. The dielectric constant can be used as a relative 
ae es measure of the polarity or dipole moment. Consequently, ad- 
Tit TO FAILURE, WR hesive-adherend combinations in which the sum of the dielectric 
constants is high should have high strength, provided that the 
interfacial surfaces are clean. 


Loao 10” Larin® 


Fic. 11 Errect or Spear Loap on THERMOPLASTIC 
(PovyvinyL-AceTaTE) AND THERMOSETTING 
ADHESIVES Measurements of the dielectric constants of apecimens of the 


bal 
er 
: 
86 0.18 
0.126 
0.053 
0066 
2:85 
I 
4 
cs 
= 
20 
\ 


Capacitance Section of the National Bureau of Standards. 
resorcinol resin had an unexpectedly high dielectric constant for 
_ which no explanation is known (rechecked with second specimen ). 


adhesive strength. 


 zontally 
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- materials used in this project were made by the Inductance and 


The 


Dielectric-constant measurements of the metals were not possible 
because of their conducting nature. Metal structure is rela- 
tively homogeneous and nonpolar. However, because of its freely 
_ flowing electrons, a metal has mirror-image forces induced at its 
‘surfaces which are equal and opposite to the polar forces in the 
adhesive used with it (15). Therefore, in so far as polar proper- 
ties are concerned, an adhesive should have as great an affinity 
for a metal as it would have for a material of like polarity. 
Since all the adhesives were applied in a liquid or solution form, 
the dipoles present were free to orient themselves while setting, 
~ according to the influence of any forces present in the adherends. 
In Table 7 the double-lap shear strengths of the various adhesive- 


- adherend combinations are shown with the adhesives and ad- 


herends arranged according to increasing dielectric constants. 
~The double-lap shear strength values were used because for this 
type of specimen the strongest grain direction was used for wood 
and paper-phenolic laminate. These values would then be a 
closer approach to the actual bond strength since cohesive 
failures play a smaller role in this test. This table does not show 
that the polar forces involved played any dominating part in the 
The higher adhesive strengths are not con- 
centrated in the regions where the sums of the dielectric strengths 
are higher. Rather, the higher shear strengths are distributed 
over a wide range of dielectric constants. 

When the values in the columns of Table 7 are averaged hori- 

and vertically, four values stand out. These are the 
values for polyvinyl! acetate and cellulose nitrate of the adhesives, 
and for wood and paper-phenolic laminate of the adherends. 
Polyvinyl acetate has the highest value with five of the six ad- 

~ herends. If the bond strengths correlated with dielectric con- 
stant, the strengths of the combinations made with cellulose ni- 
trate should be superior to those made with polyviny! acetate. 
_ The average values for all combinations for these two adhesives 
are the reverse of that expected on this basis. The combinations 
with cellulose nitrate are second highest with four of the six ad- 
-herends and first with hard rubber. 

Except for the value of casein with birchwood, the values for 
the combinations of polyvinyl acetate and cellulose nitrate are 
consistently higher with all the adherends than for any of the 
other adhesives. The reason for this can probably be found in 
their thermoplastic properties. These properties allow them to 
form an ideal bond, one which is bubble-free and strain-free, and 
which retains enough flow to compensate for temperature differ- 
entials. Thus fuller use is made of the existing attractive forces 


TABLE 7 DOUBLE-LAP SHEAR-STRENGTH VALUES VERSUS 


Hard 


rubber 


Stainless Aluminum 
2.91, t 


alloy, 
psi 
Natural ber 
acetate 
Cellulose nitrate 
5.9.. 


Casein 


10.42 
Gum 
16.1 


450-480 
* Values under materials are their dielectric constants. 
+ Because metals ha 
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since they are not modified so much by the mechanical factors 
involved in adhesion and testing as is the case with thermosetting 
adhesives. 

Birchwood and paper-phenolic laminate, while not so strong 
as the metals, have consistently high values with a greater range 
of adhesives. This is illustrated in their higher over-all averages. 
Here again the respective polarities, as represented by the di- 
electric constants, do not seem to be the deciding factors. Neo- 
prene with a fairly high dielectric constant has consistently low 
strength values with all the adherends. Birchwood and paper- 
phenolic laminate have properties which allow them to accommo- 
date a wide range of adhesives. These two materials have a 
larger effective surface area and more attractive groups for the 
adhesives than the other adherends. 

Adhesives had very poor adhesion to paper-phenolic laminate 
unless its surface was sanded. This sanding may tend to expose 
cellulose fibers similar to the wood fibers. 

Since the rigidity of the materials may have a bearing on the 
results, the double-lap shear strengths of the various adhesive- 
adherend combinations are shown in Table 8, with the adhesives 
and adherends arranged according to the moduli of elasticity in 
tension. For birechwood the modulus of elasticity varies from 
80,000 psi perpendicular to the grain to 2,000,000 psi parallel to 
the grain. The modulus of elasticity of gum arabic could not be 
found in the literature but was assumed to be of the order of that 
of,casein. The value for resorcinol resin was assumed to be similar 
td that for unfilled phenolic resin. 

The values in Table 8 seem to have a more definite correlation 
than those in Table 7. Where the modulus values of both ad- 
hesive and adherend are low, the strength values are low. Com- 
binations of high-modulus materials also give low strength values. 
Combinations which include at least one material of medium 
modulus exhibit the highest strengths. Natural rubber and neo- 
prene are soft materials and in testing assemblies containing them 
a concentration of stresses is produced at the bond between the 
soft highly elongated rubber adhesive and the hard slightly 
elongated adherend when low loads are applied. When both 
adhesive and adherend have high modulus values, neither materia! 
flows sufficiently during the final stages of the bonding process 
to relieve the stresses developed when the adhesive layer shrinks 
on cooling (16) and drying (17). Resorcinol-resin combinations 
with glass and the metals are good illustrations of the incom- 
patibility of high-modulus materials. 

Several metal-to-metal adhesives now available commercially 
make the best use of their inherent strong adhesive forces not by 
attempting to change the.polarity but by adjusting the physical 
properties. These adhesives are sometimes known as mixed 
phenolic-elastomer type. The rigidity of the phenolic-resin base 


DIELECTRIC CONSTANTS OF THE ADHESIVES AND ADHERENDS=.> 


Stainless Aluminum Glass lami Stai Al 
steel, alloy, 7.74, 
psi psi psi 


alloy, 
psi 


1360 
90 120 


1370 0 0 


ve mirror-image forces induced at their surfaces which are equa! and ovposite to the polar forces of the adhesives, stainless steel and 


X ——— alloy are distributed along the horizontal axis of the table in accordance with the dielectric constants of the adhesives used with t 


verage shear-strength value for all adhesives with this metal. 


we 
\ 1390 1 1680 1680 1450 
1660 29 1030 530 
180 100 250 130 
1940 
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TABLES DOU LAP TH VALUES VE 8 MODULI OF ELASTICITY OF 


\DHESIVES AND ADHERENDS® 


Aluminum 


aminate Glass alloy teel 
~ 3 .0 000, 2°100.000 10,000,000 10,000,000 25,000,000 Average, 
psi psi psi psi psi 


Natural rubber 250 

Neoprene 250. . 

Cellulose nitrate 
200, 400,000 


1 acetate 
50,000-400,000 


Casein 540,000 

Resorcinol resin 
700,000-1,000,000.. .. 

Average. . 430 


130 43 270 170 

3038 


1370 


* Values underneath materials are their moduli of elasticity in pounds per square inch. 


is modified by the addition of rubberlike materials. The com- 
bination gives a compound with desired properties such as proper 
modulus of elasticity and heat resistance, without affecting appre- 
ciably the attractive forces of the ingredients. The resulting ad- 
hesives are used to bond practically anything which can withstand 
the pressures and temperatures necessary for their application. 

Strong bonds produced by adhesives at ordinary temperatures 
are not necessarily permanent under all conditions. Turner (16) 
has shown that when the temperatures are reduced large stresses 
are produced with rigid materials which have different coefficients 
of thermal expansion. These siresses serve to counteract the 
attractive forces producing the bond. Rigid adhesives may be 
either thermosetting types or thermoplastic types below their 
“second-order transition points.’”’” Thermoplastic types above this 
transition temperature flow sufficiently to reduce markedly the 
stresses induced by thermal-expansion action. Turner has also 
shown a method for formulation of plastic compositions to re- 
duce the stresses for rigid materials by reducing the differences in 
coefficients of thermal expansion. 

In this project the adhesive-adherend combinations were 
studied in the simplest possible form. The types of adhesives 
and adherends used covered a rather wide range. The attractive 
forces involved and the mechanical factors hindering adhesion 
also covered a wide range. 

The problems involving a fundamental investigation of ad- 
hesion may be classified as follows: (a) Characteristics of the 
bond interfaces; (6) factors affecting contact such as cleanliness 
and wetting; (c) effect of physical properties of the materials 
themselves. Some specific problems indicated as a result of this 
work are as follows: (a) A more detailed study of the polarity 
theory; (b) the mechanism of bond rupture; (c) methods for pro- 
ducing clean surfaces; (d) wetting characteristics; (e) effect of 
modulus of elasticity on strength measurements; and (f) effect of 
flow characteristics. 


ConcLusions 


From an investigation of the strength properties of various 
adhesive-adherend combinations to determine some aspects of 
the nature of adhesion, the following conclusions can be drawn: 


1 The tensile-adhesion and shear strengths for a given ad- 
hesive-adherend combination did not differ greatly except for 
wood and paper-phenolic laminate, which are nonisotropic. 

2 The highest values for tensile-adhesion and shear strengths 
were obtained with polyvinyl-acetate and cellulose-nitrate ad- 
hesives. These two adhesives caused failure in the adherends, 
except in the case of the two metals, stainless steel and aluminum 
alloy. The strength values varied from 1360 to 3600 psi with the 
metals, and from 400 to 2480 psi with the nonmetallic materials. 

3 Resorcinol resin and casein gave strength values ranging 
from 590 to 1940 psi with hard rubber, paper-phenolic laminate, 
and birchwood, materials of low to medium modulus. They have 
very little or no adhesion for glass and the metals. 


4 Natural rubber, neoprene, and gum arabic adbered to all 
the adherends, but the strength values were consistently low, 
ranging from 34 to 630 psi. 

5 Comparative long-time load tests demonstrated the supe- 
riority of a thermosetting adhesive over a thermoplastic adhesive 
for supporting structural loads. The resorcinol resin showed no 
appreciable flow in supporting a load of 680 psi for 6 months 
without failure, whereas the polyvinyl acetate failed in 45 days 
under a load of 200 psi. 

6 The rubber-type adhesives which were weak compared with 
the other adhesives in the static load tests were definitely supe- 
rior in the impact tests. 

7 Better correlation of shear strengths was found with the 
moduli of elasticity than with the dielectric constants of the ma- 
terials used in the various adhesive-adherend combinations. 

8 Further investigation of the surface chemistry involved is 
needed to obtain a better understanding of the nature of adhesion. 
Furthermore, physical factors, such as modulus properties, 
thermal expansion, and flow characteristics, may modify or 
completely nullify the effect of attractive forces between ad- 
hesives and adherends. 
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Dynamic Shear Properties of 


Rubberlike Polymers 


By I. L. 


A simple apparatus for determining the dynamic proper- 
ties of elastomers in shear at audio frequencies is ap- 
praised. Typical values of shear modulus and viscosity 
for several elastomers are given, both at room conditions 
and at 150 F. The frequencies of test range from 100 to 

_ 5250 cycles per second, the shear moduli from 0.5 X 10° to 
480 < 10° dynes per sq cm and the viscosities from 20 to 
75,000 poises. 


INTRODUCTION 


] MONG other means for measuring the dynamic elastic 
A modulus and viscosity, or related properties, of elasto- 
mers, is the measurement of the effect of the elastomer on 
the resonant frequency and breadth of the resonant peak of some 
_ tuned mechanical system to which it is coupled. H. C. Rorden 
and A. Grieco*? have described an apparatus according to this 
scheme, in which specimens of elastomers are coupled in shear 
to the prongs of tuning forks. The present paper describes this 
test in greater detail, presents typical data obtained with it, and 
discusses it analytically. 


Test AND MATERIALS 


Apparatus. A diagrammatic sketch of the apparatus is given 
in Fig. 1, and the appearance of the equipment is shown in Figs. 
2 and 3. The vernier condenser mounted on top of the oscillator 

_ is calibrated in terms of the change in frequency, at any given 
frequency, as a function of vernier dial change. 

The apparatus used is given in Table 1. 


TABLE 1 APPARATUS USED IN TESTS 
Hewlett-Packard oscillator—201B 
Tuning 


fork Mode Frequency 
100~ 1 99.1 


Effective 
Position mass, grams 


1238 


* Position nearer free end of prongs. 
* Position nearer base of prongs. 


The difference between the nominal and actual frequencies at 
the first mode are due to the loading of the pads. 
steel 0.25 in. 0.30 in. in., 


These were of 
and were fastened to the forks 


! Bell Telephone Laboratories, Inc. 

? Memorandum, Bel! Telephone Laboratories. 

Contributed by the Rubber and Plasties Division and presented 
at the Fall Meeting, Worcester, Mass., September 19-21, 1950, of 
Tae AMERICAN Soctety OF MecHanicaL ENGIneers. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters on 
July 21, 1950. Paper No. 50—F-24. 
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Fig.l) Diacram or Tuntne Fork Wrrn Daivine Force, Specimens 
AND Pickup 


with Cycleweld. The faces of the pads were then ground co- 
planar. The effective masses of the forks are discussed in the 
Appendix. The following were also used: 


'Pickup—Rochelle salt crystal; ammonium 
phosphate crystal for 150-deg tests; moving coil. 

Ba'lantine model 220 decade amplifier and model 300 a-c elec- 
tronic voltmeter. 

Cathode-ray oscilloscope. 

One set earphones, with plug to match jack in voltmeter. 
These were invaluable in determining the sources of disturbance 
causing stray pickup. 


dihydrogen 


The forks were held by their shanks, with short pieces of soft - 
gum-rubber tubing between the shanks and the clamps. These 
permitted free longitudinal motion of the shank, to the end of 
which the pickup was applied. Some care is necessary to insure 
that the whole fork in the rubber mounting does not have a 
resonance peak near the first or second-mode peak. 

Specimens. The specimens were 0.20 in. X 0.25 in. in area and 
varied from 0.010 in. to '/,. in. thick. It was necessary that the 
faces be flat. and parallel within close limits in order that con- 
tact over the entire face be obtained, and in cases where the 
specimen had unsatisfactory faces or was too thick, one or both 
of the faces were ground. No adhesive was used between the 
specimens and the fork or the bridging bar, but by careful clean- 
ing of the metal parts and the specimen with alcohol, or by water 
if alcohol was inadvisable, some of the specimens were made to 
stick lightly to the metal in the way that newly molded rubber 
sometimes will. 

The following materials were tested: 


1 Butyl rubber gum MIL69A, with 10 min cure at 60 pei 
steam. 

2 Butyl rubber gum MI69C, with 10 min cure at 60 psi 
steam. 

3 Hevea rubber gum (formula unknown). 

4 Silicone rubber gum. 

5 Silicone rubber—filled. 

6 Polypropylene sebacate 

7 Plasticized cellulose nitrate. 

Polyviny! chloride acetate. 
9 X6 polymerized tung oil, 


| 


10 X7 polymerized tung oil with dispersed polysiloxane 
liquid. 


— 
| 
250 ~ 1 914 
30500 
| 
900 ~ 1 897.3 215 
4170 
36 
— 
4 
\. 
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The compositions of these materials, in so far as we know them, i 
are as follows: 


Butyl rubber MI69A 
GRI... 
Tuads..... 
Captax 
Agerite powder 
Zine oxide 
Stearic acid......... 
Sulphur 


5 


Butyl rubber M169C—similar to MI69A with 40 parts Kos- _ 
mobile 77 black 

Paracon AP12. Probably propylene glycol sebacate, com- 
pounded with carbon black, and peroxide or sulphur-cured. 

X6, crosslinked tung oil—a conjugated glyceride. 

X7, X6 with 30 per cent by weight of polydimethyl siloxane Execraican Circuits ANALOGovs To (a) Untoapep axp 
liquid dispersed in it. Lo pep Forxs 


Se 
— 
iv 
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Fic. 5 Dynamic Properties or Buty: Russer Guu 
MI169A, as a Function or Frequency 


Method of Test. The oscillator was turned on about 1 hr 
before starting the tests to reach temperature equilibrium. 
_ The pads and bridging bar were cleaned with alcohol, and the 
specimens were dipped in alcohol or water and dried on filter 
paper. The oscillator was adjusted for resonance of the un- 
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loaded fork with the vernier dial near the low end of the scale. 
Vernier dial changes for 3-deeibel (db) detuning each side of 
resonance were read. Then the specimens were put in place 
with the bridging bar and similar readings made. Usually the 
specimens were removed, replaced, and reread fora total of five 
readings. The choice of the S or L position in the fork was usually 
forced on the operator, the loading being too great for the S 
position, or the vernier-dial changes being too slight in the 
L position. 
Tests were made at room conditions (70-80 F) and at 150 F. 


Resvuvts or Tests’ 


The results of the tests are given in Tables 2 to 4, and in Figs. 
5 to 14. 

Discussion. If the shear modulus g, the viscosity 9, and the 
phase constant Q are plotted against frequency, the scatter of 
points about smooth curves is manifest. Sources of error include 
the following: 


Phase difference throughout the specimen. 
Imperfect velocity response of pickup. 
Uncertainty of exact size of specimen. 
Imperfect adhesion to the fork or bridging bar. 
Imperfect calibration of forks. 

Errors in measurements of frequency changes. 
Temperature variations. 


TABLE 2 TEST RESULTS, MODULUS OF RIGIDITY g, DYNES PER CM? 


(All values to be multiplied by 10°) 


M169A butyl gum 

M169C filled 
Hevea rubber gum 

Silicone rubber gum 

Filled silicone rubber 


Ar 150 Dee 


M1694 butyl gum 

M169C filled butyl. 

Hevea rubber gum 

Silicone rubber gum. ... 

Filled silicone rubber. . 

Polypropylene sebacate. . 

Plasticized cellulose nitrate 

yme oil... 

oi! with dispersed poly- 

oxane liquid 


y, cycles per sec—— 
900 1240 


— 


Sousa 


Ber 
- 


~ 


3. 
2 
3 
0. 
9. 
5. 
6 
7. 
6 


F 
9 
6 
9 
3 
3 
0 
3 
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Materia! 


M169A but 
M169C 


gum.. 


oil 
X? Polymerised oil with dispersed poly- 
oxane liquid 


At 150 Dec F 


MI69A 
M169C filled 


Polyvinyl chloride aceta’ 
X6 polymerized tung ‘ 
7 ymerized tung oil with dispersed poly- 
siloxane liquid 


10,300; © = 
| 2 
-- 
‘Ox 200 Goo 600 800 1000 2000 _| 
— 
Ps 
TABLE 3 VISCOSITY, », POISES tig 
94000 13100 10400 8300 4900 5500 4400 3000 
A, Plas 79000 28000 15200 10200 $700 7300 5500 
butyl... 11400 2900 2400 1960 1500 1060 1340000 
Filled silicone rubber. . . $100 1050 «420 «3300 «290 220 100 
Plasticized cellulose nitra . 6400 2200 2600 1920 1110 840 1130 ¥ 
4 2500 910 610 suo on 350 270 190 aS 
23000 10300 5900 4000 5300 4600 3500 3800 


TABLE 4 MECHANICAL PHASE CONSTANT, @ 


Freq y, cycles per see 
Material 100 «4250 400 900 1240 1580 
Ar 80 Dec F 

M169C filled butyl 
Hevea rubber gum... 

Silicone rubber gum. . 

Filled silicone rubber. 
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At 150 Dee F 
M169A butyl gum... 
M169C filled butyl..... 


ene 


Siligone rubber gum 
Filled silicone rubber. ... . 


Polyvinyl chloride 
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Fie. 6 Dynamic SHear Properties or Loapep Butyt Fie.8 Dynamic SHear Properties or Gum as 
M169C, as 4 FuncTION oF FREQUENCY : Function oF Frequency 
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FUNCTION OF FREQUENCY as A FuncTION oF FREQUENCY 


‘ 


100000 - 10 1000 10 
| 
| 
‘in 
2000} o2}—== — —j—— 20 02 | 2 
| | 
600 60 + + + 6 | 3 
z of ry 
\ i 
' 
} 


POLY PROPYLENE 


SEBACATE POLYVINYL CHLORIDE 
ACETATE 
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Dynamic Sesa- 2 Dynamic SHEAR Properties or Potrvinyt 
CATS A FUNCTION OF ACETATE AS A FUNCTION OF FREQUENCY 


PLASTICIZED | x6 POLYMERIZED 
CELLULOSE WITRATE TUNG OIL 
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IN DYNES PER Cw? 
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400 800 1000 2000 4000 6000 
Dynamic Properties or X6 Potymerizen Tune 
Ou as a Function or Frequency 


Fic. 11 Dynamic SHear Properties oF PLasticuzep CEeLivLose 10* 
NITRATE AS A FUNCTION OF FREQUENCY x7 POLYMERIZED TUNG 

WITH DISPERSED 

POLYSILOXANE LIQUID 
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Fria. 14 (right) Dynamic Properties oF 

X7 Potymerizen Tuno Ow Wits Dispersep 

Potysitoxane Liqum as A Funcrion or Fre- 
QUENCY 
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K:rrors arising from (1) and (2) would be progressive with 
frequency, causing errors in the shape or location of curves, but 
not seatter; (3) would, in effect, cause the calculated values of 7 
and g to be multiplied by an unknown factor, approximating 
unity, constant for each material since the same specimens were 
used for all the tests. It is suspected that (4) is the main cause 
of seatter. Probably (4) could be improved by actual clamping 
of specimens to the fork, with pads and bridging bars both above 
and below the fork. Errors arising from (5) would be revealed by 
consistent deviations from the mean curve at some one of the 
frequencies. No such systematic deviations were found. The 
error caused by (6) is calculable, and may be kept low by adjust- 
ing specimen size and thickness, and the position on the fork, 
within limits imposed by considerations discussed .in the Ap- 
pendix. Errors due to (7) are no doubt present, but the tem- 
perature variations, which were of only a few degrees, were 
sufficient to account for only a minor part of the total scatter. 

The shear modulus and viscosity were computed on the as- 
sumption of a series electrical circuit, corresponding to a Voigt 
model with parallel mechanical elements. The corresponding 
Maxwell elements are given by 


d 


nrw® + 9? 
nw? 
9 


The distributions of relaxation times of Maxwell elements 
associated with the variations of 7 and g with frequency are 
under consideration at present. 


| 
In = 


CONCLUSIONS 


A technique (2) for measuring the dynamic properties of — 


elastomers is discussed, and its theoretical validity established. — 
A wide range of elastomer types has been measured at frequencies — 
between 100 and 5250 cycles per second (eps). Shear moduli 
varying from 0.5 X 10* to 480 X 10* dynes per sq em, and vis- 
cosities from 20 to 75,000 poises, were obtained. 

While the precision of the method is not high, its simplicity 
and possible frequency range (which has not been exhausted 
in the present tests), and its yielding of data in terms of shear 
properties, recommend it for exploratory measurements. The 
advantage of the extended frequency range is manifest in avoid- 
ing the short-range conclusion that g and w7 are constants. 


Appendix 

Rorden and Grieco considered the fork to be equivalent to a 
simple mass-spring-viscosity system, with the added impedance 
of the elastomer represented by a series stiffness and viscosity. 
This assumption implied that the coupling of the elastomer to the 
fork does not change more than negligibly the forms assumed by 
the prongs of the fork. It is demonstrated in the following that 
these assumptions are valid if the specimen characteristics are 
properly related to those of the forks. 

Young’ has given a development of expressions for the forms 
and frequencies in free vibration of uniform cantilevers loaded 
at any point with combinations of spring, mass, and viscous 
resistance. It is a simple step to add the effect of a driving force 
at any frequency. 

Young's development proceeds as follows, using his notation 
and equation numbers. 

The differential equation for the free lateral vibration of a 
beam is 
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where E/ is the section stiffness of the beam, m the total mass, 
and / the length. We may assume a solution of the form 
y = u(z) sin wl 


when u(x) must satisfy 


Taking into account the boundary conditions at the free and the 
clamped ends, it is found that any linear combination of the ¢ 
functions 


¢.(z) = cosh 8,(2) — cos 8,(z) — a,(sinh 3,2 — sin 8,2). . [9] 
will satisfy Equation [2], and hence 


(2) 


cosh 8, + 8,1 
sinh 8,1 + sin 8,1 


and §,/ is the nth root of the equation 


1 
‘The corresponding natural frequencies of the beam are given 
by Equation [3], from which 
8,‘ Ell _ El 
m mise 


The ¢-functions, Equation [9], form an orthogonal set in the 
interval 0 < z <1. The two following relations hold 


¢,(z) ¢,,(2) dr = O(m # n) 


f de = 


and almost any function f(z) in the interval 0 to 1 may be repre- 
sented by a linear series of g-functions, that is 


f(r) = 


In particular, for a concentrated force F applied at z = h 


F 
f F dz = 
0 


@ 


Then 


*“Vibration of a Beam With Concentrated Mass, Spring, and 


Dashpot,”’ by DD. Young, Journal of Applied Mechanics, Trans. ASME, 
vol. 70, 1948, p. A-65 


4 
: 
= 
x 
“4 
\ 
i By virtue of Eq [ coefficients a, are given by 
l t > 
Jo 
- - ~ 
F 
4 : 
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With this development. as given by Young, we can now set 
up the equation for displacement of the beam, driven at any 
point at any frequency, and coupled to an impedance at 
any point. Equation numbers henceforth are our own. 

Considering distributed damping of the beam due to air as 
— (r/l) (dy/dt) per unit length, that the beam is driven at z = / 
by a force fo sin (wt — y), is coupled to an impedance which re- 
sults in a loading on the beam /; sin (gt — 6) at z = h, and that 
the beam vibrates in phase with sin wt, we have the equation 


+h sin (wt oa 5) 
"4 


y = w(z) sin wt 


sin ot — w sin wt + w wos wt 


fi 


sin (wt — y) + sin (wt — 5) 


@ 


2 Pnlh) 


1 


b, = — @,(h) wlh) [m(w,? — w*) (k — Mw?) + r Rw?) + m%w,? 


Vitel) at + m* (w,? — — [real k 
rw? + 


Letting w(z) = 6, (2), the left side of Equation [20] 


becomes 


+ (w,? — 


— w*) (k 
+ 


=f sin wt b, ¢,(z) 
1 
» 
+ 7 coset b, ¢,(2) 
1 


By use of Equations [2] and [10] in the first term 


m sin wt b, ¢,(z) w,? — mw? sin wt > b, ¢,(z) 
1 1 


@ COs wt Ar) = —fo sin (wt — 
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+S sin (wt — 8) (2)... 1211 


1 


Expanding the sin (wf — 7) and sin (wt — 5) terms and equating 
coefficients of sin wt and cos wt terms, respectively, in the usual 
way 
b, m(w,*? — w*) = — fo cos + fi cos 6 \ [22] 
b, rw = fo sin — fi ¢,(h) sin 6 
Now if the force f sin (wt — 4) is the reaction to driving an 
impedance consisting of a mass M, a stiffness k, and a viscous 
component R with a displacement y = w(h) sin wt 


—fi sin (wt — 6) = w(h) (—Mw sin wt + R w cos wt + k sin wt) 


whence 
fi sin 6 = Raw(h) 
—f, cos 6 = (k — Mw?*) | 
Substituting Equations [23] in [22] and eliminating y 


= b,2 + mXw,,? 
+2b,¢,(h) wlh) [m(w,? 
+ %Xh)wXh) + (k 


— 
— w*) (k — Mw") + 


Mw*)*] 


which is a quadratic in b,. Solving for b, and reducing somewhat 


gives 


~mRw (w,,? — w?) |? 
(85) 


Vw") 


w?)? 


Substituting this value of 6, in 


w(h) = > 


dividing both sides of the resulting equation by w 
placing ¢,(/) by its value +2 


[rwlk 


+ r 


w?)? 


w*)?| — ~ Mw*) — mRo(w,? — w*)}? 


(26) 


Equations {25} and [26], while containing the desired rela- 
tions between applied force, frequency, and resulting motion, 
are too complicated to be useful. Simplifications may, how- 
ever, be effected. In the first place, while 


‘3 


in general, the total motion at and near any of the resonance 
frequencies w,, may be represented by 


a0 


wh) = b, o,(h) 


provided ¢,(h) be not extremely small. Substituting this in 
Equation [25] we find 


01 
a 
or* l dt? l a 
- 
Let ‘ 3 
= 
¢ 
z= 
“48 
d‘y (x) 4 
ET sin wt 6, — 
Tar 1 det 4 
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fo ¢,(l) 


+ ral? + (k — Mat) + m(o,? — 


for the displacement coefficient, and 


= 


Soe 


+rj?+ [ ( Mw) +m (* 
w w 


for the velocity coefficient. Differentiating Equation 


ate : with respect to w, we find the velocity resonance to occur at 
ke,%h) 
M ¢,%Xh) 
+ — 


m 


[28] 


w,? 


With the unloaded fork, where k = M = R =0 


Wres = W, 


r 
If detuned to 3 db below the peak 


fo 
V2 r 


which is satisfied by two values of w, differing by 
r 
in, = —... 
m 


With the coupled impedance, assuming that is negligible, 
resonance occurs at 


k 
Wres? = w,? + XA) 


which may be solved for 
m (Wres? — w,,*) 
and we find that at 3 db below the peak, the values of w are sepa- 
rated by 
Aw = R* 
From Equations [30] and [32] 
m 
R =- (Aw: 


It may be remarked that Equation [28] is the equation for cur- 
rent in a series circuit shown in Fig. 4. 
rigidity of the fork at any points (A) are given by 


m 

nXh)’ 
respectively. While these may be computed, neglect of shear and 
rotation terms in the theory, and nonuniformity and end effects 
in the prongs of the forks make it preferable to measure m/[¢,*h]} 
directly by adding small known weights to the prongs at z = 
(A) and using Equation [29] with k = 0. 


: 


The equivalent mass and 


. [28] 


The use of Equation [28] instead of [26] involves neglect of all 
modes except the desired one. To form an estimate of the ex- 
tent to which this is permissible, and assuming that it is the 
broadening of the resonance peak due to R rather than its shift- 
ing due to k, which may introduce appreciable error, we revert to 
Equation [26] withr =k = M =0 


14 fo 
Rt 


m Fate, 


@*) 


och) — 94h) 
Vira) ™ 
y ( w y 
where V(i))= ww(h) is the velocity. 


4 


At resonance _ 


At 3 db below the peak 


4 fe? 
= 2 
VXh) 


whence, by substitution in Equation [34] 


+R 1 

man ( w ) 

@) 
from which 2 /(mw,) may be plotted as a function of w in the vicin- 
ity of the resonance peaks under consideration. There will be 
two values of w for each value of R, and their difference Aw may 
be compared with that derived from Equation [33], for any 
given set of conditions. 

It was found that while the error from this source was less 
than 1 per cent for any testable specimen, the choice of a location 
on the fork too near a node, possible for the sake of testing very 
stiff specimens, might lead to inaccuracy. 

Correction for Finite Length of Specimen. The coupled im- 
pedance was presumed to act at the point z =A. Actually, it is 
distributed over a distance, over which ¢,*°(z) may vary apprecia- 
bly. If R, k, and M are distributed over the length from 
h— toh + €, spanning 2€, instead of ¢,*(h) we should have 


* 


h+e 


dz 


h-e 


In the development of the expressions for the forced vibra- 
tions of the beam and y,,°(h), the assumption is implicit that the 
motion of the face of the cantilever is in a straight line. Ata 
node, however, a point on the neutral axis is stationary, and this 
point is a center of oscillation for neighboring points. Therefore 


(34) 
w 
. 
. 
Lp 
~ 
3 = 
< 
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a test specimen at a node would be in torsion, and the develop- 
- ment given here would be inapplicable. Actually, the speci- 
mens were relatively far from the nodes for both modes of vibra- 
tion. 

Effect of Specimen Shape on Relation Between Measured Over-All 
Stiffness and Viscous Resistance, and Computed Modulus of 
Rigidity and Viscosity. After the stiffness k and the viscous 
resistance R of a specimen have been calculated, the modulus of 
rigidity g and viscosity 7 may be found by the usual expressions 


Rt 
7=— 
A 


and 


Kt 


where 
t = thickness of specimen 
A = area of specimen 


There will be a slight error arising from the free edges of the 
specimens. A correction, however, may be applied.‘ With 
a specimen 0.20 in. X 0.25 in. with the 0.20-in. dimension in the 
direction of shear, the true values for g and 9 will be greater 
than given by the foregoing expressions by the following factors: 


Thickness, in. 
0.047-0 .055 
0.056—0 .063 
0064-0 .070 
0.071-0.078 
0.079-0.085 


Thickness, in. Factor 


0.005-0.012 1 
0.013-0.021 1 
0. 022-0.030 1 
0.031-0.038 1 
0039-0 .046 1 


Effect of Rotation and Lateral Contraction of Bar. Referring to 
Mason,® it appears that the error in frequency arising from 
neglect of rotation and lateral contraction is not greater than | 
per cent in a beam whose ratio of width to length is less than 0.1. 
Therefore this factor is not considered. 


Discussion 


W. J. Lyons.* In its simplicity from the experimental stand- 
point, the method described by the author, for the measurement 
of dynamic properties, is remarkably ingenious. The very small 
amount of sample required for the test recommends it as a means 
for the dynamic evaluation of unknown stocks in rubber products 
already fabricated, especially in cases where there is insufficient 
volume of continuous, unreinforced stock in any part of the prod- 
uct to fashion the larger test specimens used in other dynamic- 
property tests. 

While a number of methods for the measurement of the longi- 
tudinal (Young’s) dynamic modulus, and the corresponding fric- 
tional effects, by electrically driven mechanical systems have been 
developed,’ and have been augmented by the acoustical methods 
of Meyer and Lotmar, Silverman and Ballou, Nolle and others, 
until recently the only method for dynamic shear measurements 
on high polymers has been that of Dillon, Prettyman, and Hall.* 


‘Effect of Stress-Free Edges in Plane Shear of a Flat Body,” 
by W. T. Read, Paper No. 50—-APM-6 presented at the National 
Conference of the Applied Mechanics Division, Purdue University, 
Lafayette, Ind., June 22-24, 1950, of Tae American Society or 
MECHANICAL ENGINEERS. 

* The Motion of a Bar Vibrating in Flexure, Including the Effects 
of Rotary and Lateral Inertia,"’ by W. P. Mason, The Journal of the 
Acoustical Society of America, vol. 6, 1935, pp. 426-429. 

* Chemical and Physical Research Laboratories, Firestone Tire and 
Rubber Company, Akron, Ohio. 

7 “Hysteresis and Methods for Its Measurement in Rubberlike 
Materials. Part 1,” by J. H. Dillon and 8. D. Gehman, India Rubber 
World, vol. 115, October, 1946, pp. 61-68 and 76. 

§ “Hysteretic and Elastic Properties of Rubberlike Materials under 
Dynamic Shear Stresses,’ by J. H. Dillon, L. B. Prettyman, and G. L. 
Hall, Journal of Applied Physics, vol. 15, 1944, pp. 309-323. 


A refinement of this method has recently been announced in 
England, and apparatus adaptable to shear measurements on 
elastomers has been developed at the Textile Research Institute, 
Princeton, N. J. As the former two methods, at least, are limited 
in frequency to the range below 1000 cps, Rorden, Grieco, and 
Hopkins? have made a substantial contribution in providing a 
method which reaches to above 5000 cps. 

It is of interest to note that Hopkins’ values for g for Hevea 
gum rubber at 80 and 150 F, at 100 eps, (3.0 and 3.5 X 10° dynes 
per cm?) are in good agreement with those of Dillon, Prettyman, 
and Hall* at 100 C and 60 eps (3.06 to 3.22 & 10° dynes per em*). 
Hopkins’ viscosity (internal friction) values for Hevea gum ap- 
pear to be of the same order of magnitude as those of Dillon, et 
al., but whereas the latter found that internal friction decreases 
with increasing temperature, the author’s values increase with 
temperature up to 400 cps. His data (Table 2) show this effect 
for silicone rubber also, at one frequency, 250 eps. From the 
fact of comparatively few cases in which this effect appears in his 
results, one is led to wonder whether it is not merely an experi- 
mental artifact. The magnitude of the differences in viscosity 
of the Hevea gum at the two temperatures, at the two lower fre- 
quencies, 100 and 250 eps, implies either that the observed tem- 
perature influence is real in the sample tested, or the technique is 
seriously faulty at these frequencies. 

Most of the prior research on shear properties of polymers have 
been on Hevea and the conventional superelastic synthetic 
stocks, such as those of GR-S. The number of other materials on 
which the author has obtained dynamic data have considerably 
amplified our knowledge of shear properties. It is of interest to 
examine his graphs for the light they throw on the viscosity- 
frequency relationship. As is well known, it has been long recog- 
nized that for polymers of all kinds, over limited frequency 
ranges, the viscosity-frequency product is approximately con- 
stant. The author's curves indicate that for none of the materials 
evaluated by him does this relationship hold over the whole range 
100-6000 cps. For Hevea gum at 150 F, the relationship appar- 
ently holds above about 400 cps. For Hevea gum at 80 F, 
silicone rubber filled, and M169A butyl gum at 150 F (approxi- 
mately), linear relationships between log viscosity and log fre- 
quency are deduced, but the slopes of the graphs are such that 
the simple hyperbolic law for viscosity and frequency is not im- 
plied. The viscosity results for these materials support the 
modified law recently announced by Fletcher and Gent.’ in which 
a fractional power of the frequency appears, replacing frequency 
to the power unity. 


A. W. Noute.'"' The method described in the paper appears 
to offer some special advantages, of which the compactness of the 
test unit, the utilization of small samples, and the provision for 
accommodating a wide range of stiffness, may be mentioned par- 
ticularly. The results appear to be in general agreement with 
those which have been obtained by other methods. 

As the author suggests, it would seem that the test instrument 
might be improved by modification of the arrangement for attach- 
ment of samples. An arrangement providing a larger clamping 
force might be advantageous, especially if provision were made 
for application of arbitrary static stress to the sample as an addi- 
tional experimental varivble. 

An interesting adjunct to the paper is found in a recent. Japan- 


* “Measurement of the Dynamic Properties of Rubber,” by W. P. 
Fletcher and A. N. Gent, Trans. Institution of the Rubber Industry, 
vol. 26, 1950, pp. 45-63. 

Reference (7), fig. 24. 

1! Department of Physics, University of Texas, Austin, Texas. ae ao 
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ese publication."* That publication describes a similar experi- been made in experimental technique. A second relatively sta- 
ment in which a single vibrating cantilever is used instead of a ble comparison oscillator permits small frequency changes in the 
tuning fork, and in which by several trials the operator deduces driving oscillator to be measured accurately by timing the pat- 
the proper value of added mass to “tune out” the stiffness react- _ tern on the oscilloscope screen. This use of only small frequency 
ance of the sample. The band width of the resonance measures changes is a considerable theoretical advantage and results in data 
mechanical resistance, as in the present method. The sample is which are more accurate than previously obtained. 
connected for deformation by elongation. The manifestation of higher viscosity in silicone gum at 150 F 
For frequencies greater than about 10,000 cps, the tuning-fork than at 80 F at 250 cycles is probable due to scatter, as this mate- 
vibrator may prove inconvenient because of rapid phase variation _rial was so soft as to be at the lower limit of measureability. It is 
with distance. A longitudinally vibrating bar would constitute a _ interesting to observe, however, that the shear modulus is higher 
satisfactory resonator for the higher range of frequencies. The at 150 F than at 80 F, as is required by the kinetic theory, al- 
author of this comment has described an experimental tech- though the ratio is somewhat in excess of the value 339/300, or 
nique,'* comparable in principle to the present one, which makes _1.13, required by the theory. 
use of longitudinally vibrating bars and which is readily adapta- Reconsideration of the Hevea rubber gum leads to the belief 
ble to shear measurements. In combination, the two techniques that there may have been slippage between the rubber and the 
would cover a frequency range from less than 100 cps to more than _ fork or bridging bar, particularly at the lower frequencies where 
25 000 eps. the amplitude of motion is the greatest. This condition would be 
Aurnor’s Closure aggravated by the fact that the specimens were not only thinner 
than any of the others and therefore subject to greater strains at a 
given displacement, but also had no surface tackiness. There is 
12 “The New Dynamical Method for Measuring Young’s Modulus some indication of increased modulus at 150 F but not to the ex- 
and Internal Friction of Fibers and Films,” by H. Kawai and N. tent required by the kinetic theory. It is planned to retest He- 
Society of gum using somewhat thicker specimens of a known com- 
Rubber-Like Materials,” by A. w Nolle, Journal of Applied Physics, Pound. The new tests should provide clarification of all of the 


Since the preparation of the paper, some improvements have 


vol. 19, 1948, pp. 754-774, doubtful features of the data on Hevea given above. #;f a 


| 
| 
- 
5 
\ 


Metals for Hydrogenation 


Plants 


By G. A. NELSON,' SAN FRANCISCO, CALIF. 


Many of the important chemicals of today’s industrial 
economy require processing in the presence of hydrogen, 
at elevated temperatures and pressures, at some stage in 
their manufacture. The more familiar ones are ammonia, 
methanol, edible oils, and higher alcohols. In the petro- 
leum-refining field, hydrogenation processes are becoming 
more and more important. In the future it can be antici- 
pated that greater need for hydrogenation processes may 
arise, for example, hydrodesulphurization of crude oils or 
fractions therefrom, hydrogenation of carbon monoxide 
(Fischer-Tropsch), and destructive hydrogenation of oil 
residues or coal (Bergius process). These processes oper- 
ate at high temperatures and pressures, where ordinary 
steels have their limits for safe operation. Although high- 
alloy steels can be used under these conditions, oftentimes 
more reasonably priced low-alloy steels are satisfactory. 
_ This paper summarizes the results of tests and data from 
operating plants, from which it is possible to establish 
practical operating limits for carbon and alloy steels for all 
degrees of severity of service. Additional corrosive effects 
by sulphur, nitrogen, and carbon monoxide are discussed. 


HEN processes are started involving high-pressure 
hydrogenation, the mechanica] engineer will be faced 


with many problems including hydrogen attack, 
corrosion, erosion, and high-temperature stability of materials. 

The purpose of this paper is to review what we know about 
metals as used by the Shell group of companies and others in 
lower-pressure plants, and, in view of these experiences, to offer 
ideas as to materials which may be required as high-pressure 
plants become of increasing importance. 

The gases with which we have had some experience are hydro- 
gen, nitrogen, ammonia, and hydrogen sulphide. These gases 
are inert to most metals at normal temperatures and pressures. 
At low pressures, the gases can be heated to moderately high 
temperatures without any damaging effect on metals. Con- 
versely, at normal temperatures these gases can be handled 
safely in carbon steel at very high pressures, and we find this ma- 
terial to be specified by the Interstate Commerce Commission for 
transportation in high-pressure cylinders. However, when both 
heat and pressure are applied, these gases may become violently 
active in either creating internal damage to the steel or actually 
corroding steel at a very rapid rate. The effects of these gases on 
metals as the result of our experiences, when hydrogen gas mix- 
tures are being processed, will be discussed. 


HypRoGcEN 


Early experiences in handling of hot hydrogen showed numer- 
ous failures, and many reports of these troubles are available in 


1 Staff Metallurgist, Shell Develop t Company. 

Contributed by the Petroleum Division and presented at te 
Semi-Annual Meeting, St. Louis, Mo., June 19-23, 1950, of Tue 
American Society or Mecuanicat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, March 
9.1950. Paper No. 50—SA-3. 


the literature. Zapffe* has compiled an imposing list of 427 refer- 
ences dealing with various phases of the effects of hydrogen on 
metals. 

The damage produced by exposure of steels to high-pressure 
hydrogen may be described as decarburization and intergranular 
cracking. Even though these cracks are so tiny that they be- 
come visible only when viewed under a microscope, they are so 
numerous that their net effect produces a marked deterioration of 
physical properties, such as tensile strength, yield point, and 
ductility. A severely attacked piece of steel has a tensile strength 
in the order of 25,000 psi, as compared to a normal strength of 
about 60,000 psi; and the elongation on a test bar is reduced to 
zero from a normal elongation of about 30 per cent in 2in. The 
strength is roughly comparable to that of a weak piece of cast 
iron. 

There actually is no corrosion or wasting away of metal when it 
has become affected by hydrogen damage. In fact, a slight 

rowth occurs. In one of our plants, tubing (22 ft long) oper- 

ting in a noncritical-stress location and therefore made of car- 
bon steel, becomes about 1 in. longer over an operating period of 
5 years. The absence of any appreciable dimensional changes of 
an affected piece of steel requires inspection methods other than 
visual or by direct measurement. However, bending, hardness, 
and macroetch tests readily reveal the presence of any affected 
areas. The microscope is also used to define clearly the presence 
of microscopic cracks. 

Figs. 1 and 2 show the appearance of carbon steel before and 
after exposure to hydrogen at high pressure and temperature. 
The damaged section shows not only a complete decarburization, 
but also that small inclusions such as oxides and sulphides have 
been reduced by this gas while diffusing through the steel. 

Fig. 3 shows the appearance of a tensile bar taken from a sec- 
tion of low-alloy pipe which had been partially damaged by hy- 
drogen attack. The side of the bar that is cracked and exhibiting 
no ductility represents the inner side of the pipe in contact with 
hydrogen. The outer section of the pipe represented by the duc- 
tile portion of the bar is still in sound condition. In practice, 
it is not 1 to find ples of this type. It occurs in border- 
line temperature-pressure conditions, where the alloying elements 
in the steel may not be sufficient to render the steel completely re- 
sistant to hydrogen. However, because of the temperature gra- 
dient across the wall as one proceeds from the hot side. a zone in 
the cross section is eventually reached where the temperature is 
such that the alloy is entirely adequate. 

In borderline cases, a change of a few degrees in temperature 
represents the difference between satisfactory performances or 
gradual failure. In some cases, where hydrogen attack has been 
found partially extending through the walls of piping or pressure 
vessels and spare equipment is not immediately available, it has 
been found expedient to remove the insulation from the affected 
parts. This lowers the temperature in the wall to stop any fur- 
ther attack and permits tNe plant to operate until replacement 
parts can be obtained. 

Hydrogen damage at high pressures is attributed to the ability 


2 “Boiler Embrittlement,” by C. A. Zapffe, Trans. ASME, vol. 
66, 1944, pp. 81-126. 
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of the hydrogen to permeate the steel, resulting in the formation of 
methane by the reaction of hydrogen with the iron carbide. 
The methane which has been formed cannot diffuse out of the steel, 
and thereby gives rise to high stresses which lead ultimately to 
cracking at the grain boundaries. That methane is the ultimate 
reaction product has been demonstrated by F. K. Naumann® 
who showed that with a pure hydrogen gas entering a earbon- 
steel tube at high pressures and temperatures, appreciable 
amounts of methane were obtained at the exit end of the pipe. 

The attack by hydrogen is prevented by adding to the steel any 
of the carbide-stabilizing elements. In ascending order of im- 
portance, they are manganese, molybdenum, chromium, tungsten, 
vanadium, titanium, and columbium. All of the austenitic 
steels are resistant because of their high chromium content. The 
noncarbide-forming elements, such as nickel and silicon, have no 
effect in preventing interior damage to the steel by hydrogen. 
The presence of impurities such as phosphides and sulphides has 
a tendency to increase attack; therefore the total amount of 
these elements should be kept below the minimum required by 
ASTM specifications. 

As mentioned in the previous paragraph, carbide-stabilizing 
elements have the property of rendering a steel immune to hy- 
drogen attack at high pressures and temperatures. However, 
plain carbon steel is also widely used and is perfectly safe as a 
constructional material, provided that the upper limit of tem- 
perature is known for a particular pressure condition. These 
limits have been determined by operators of hydrogenation 
plants, and as a result of a critical survey covering a wide range 
of pressures and temperatures, sufficient data have been accu- 
mulated to propose operating limits for carbon and alloy steels.‘ 

The collected data from operating companies were assembled 
into chart form; and, by plotting borderline curves between 
satisfactory and unsatisfactory operating points, a clearer con- 
ception was obtained as to the suitability of carbon and alloy 
steels for a particular pressure-temperature condition. As the 
result of tnore experience, several adjustments to the curves were 
necessary, and a total of 22 revisions to the charts were made 
during a period of 7 years. The la est set of curves is illustrated 


* “Steels for Fuel Plants,” by F. K. Naumann, Chemische Fabrik, 


vol. 11, 1938, pp. 365-384. 

* “Hydrogenation Plant Steels,”’ by G. A. Nelson, American Petrol- 
eum Institute Procedings, Section 3, Division of Refining, 14th Mid- 
year Meeting. April 4-7. 1949, pp. 163— 
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in Fig. 4, and is presented with the expectation that further re- 
visions will be required. 

The curves in Fig. 4 have been plotted on the basis of hydrogen 
partial pressure. Some of the earlier charts had been prepared 
using references based upon the tota] plant-operating pressures. 
This led to some misunderstanding of the significance of the lines. 
As it was realized that hydrogen was the only component of a gas 
stream which could permeate the steel and create internal dam- 
age, all reference points were moved to correspond to the pressure 
exerted by the hydrogen alone. It is believed that the present 
form of presentation gives a much clearer idea of the materials to 
be used for a particular pressure-temperature condition. 

The circumstances surrounding the locations of the curves 
shown in Fig. 4 might be described as follows: The high-pressure 
level for carbon steel (above 2600 psi) was located as a result of 
the advice of Standard Oi] Development Company and Hercules 
Powder Company, which have used carbon steel in this tempera- 
ture region for many years without failure; moreover, metallurgi- 
cal examination of samples removed from the units showed no 
damage. The safe operating limits for carbon steel below 2600 
psi were established from the experience of the Shell group, the 
revelations by Zapffe? and Evans,* M. W. Kellogg Company, and 
Standard Oil Company of California. 

It may be of interest to note that, at 600 psi and 590 F, an 
unsatisfactory reference point for carbon steel is shown. The 
data surrounding this failure resulted from an inspection of a 
carbon-steel line which had been in operation in a Shell Oil Com- 
pany plant for about 2 years. The particular line consisted of 
6-in. schedule 160 carbon-steel piping, to which were attached 


* “Hydrogen Attack on Carbon Steels,”” by T. C. Evans, Mechani- 
cal Engineering, vol. 70, 1948, pp. 414-416. 
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by welding several smaller lines of 1 in., 1'/, in., and 2'/, in. 
schedule 160 carbon-steel pipe. Ring sections removed from the 
different sizes of pipe were hot-acid-etched, and Table 1 shows 
the damage to the walls from hydrogen. 

HYDROGEN 


DAMAGE TO CARBON-STEEL PIPING 


Per cent 


TABLE 1 
Wall thickness, 
Size of pipe . 
l-in. threaded nipple... . 
1'/s-in. schedule 160... 
schedule 160. 
n. schedule 160... 
6-in, schedule 160........... 


These figures are cited to illustrate that variations in the prac- 
tice of making steel may have a considerable effect on the ability 
of the particular steel to resist damage by hydrogen. It also indi- 
cates that, when plants are being inspected, a number of samples 
should be taken. In other words, using the foregoing example, if 
a sample had been taken only from the 1-in. nipple line, the entire 
line might have been passed as being satisfactory and would soon 
have failed. This conclusion was also reached by T. C. Evans,* 
who showed that, at 350 psi and 310 C, some samples of carbon 
steel were satisfactory, whereas others were severely damaged. 
In order to build plants to the upper limit of carbon steel, we 
must use steels from suppliers’ stocks which may have a wide di- 
vergence of melting practice and, therefore, this material can 
be used only to the limit of the average quality of steels we can 
obtain. This has been the basis for the location of the carbon- 
steel curve. 

Particular importance is being given to the upper limit of car- 
bon steel. In hydrogenation plants, an example of which is 
shown in Fig. 5, all of the cold piping and equipment are made of 
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carbon steel. These include the compressor, purification, and 
some heat-exchange equipment. These pieces of equipment rep- 
resent a considerable part of a hydrogenation plant, and it is 
necessary to protect by means of alloy steels only those parts of 
the plant where the limit for carbon steel 1s exceeded. 

Another example of the wide usage of carbon steel is illustrated 
in Fig. 6. This is an ammonia plant operating at 2140 psi. 
Viewing the plant from right to left, all of the equipment (exclud- 
ing low-temperature fractionating apparatus) in the background 
is constructed of carbon steel with the exception of equipment in 
the last building on the left. This building contains the catalyst 
chambers which are made of alloy steel, as are the accompanying 
exchangers and piping. 

The carbon-molybdenum limiting curve has been established 
from samples taken from hydrogenation plants erected during 
the recent war. It is noted that no data are at present available 
for the extremely high-pressure region, and it is possible that the 
carbon-molybdenum curve may be somewhat altered in this area 
as the result of more experience. 

The 1 per cent chrome-molybdenum curve is fairly well estab- 
lished with reference points. It might be stated that a number 
of chrome-vanadium steels (references 5 and 6 in Fig. 4), have 
been added at the high-pressure end of this curve. No data were 
available for the chrome-molybdenum steels at these pressures. 
However, from our experiences at one plant, which had operated 
at a pressure of 2140 psi, we found that, when the chromium was 
in the order of 1 per cent, chrome-vanadium and chrome-molybde- 
num steels had about the sume resistance. Thus SAE 6120 
and SAE 4120 were interchangeable for use as interior bolting 
materials. It seemed reasonable to insert these reference points 
to locate the chrome-molybdenum line. 

In view of the equivalent resistance of vanadium and molybde- 
num when associated with chromium, it is felt that the entire set 
of curves could equally, or possibly better, apply to the chrome- 
vanadium steels. The reason for plotting the chart only as 
chrome-molybdenum steel is because we use large amounts of 
piping, and chrome-molybdenum analyses are available in many 
sizes of tube and pipe. It can be mentioned that many high- 
pressure vessels made of chrome-vanadium steel are giving satis- 
factory performance in hydrogenation plants. 

The 2 per cent chrome-molybdenum line is not too well forti- 
fied by reference points. 

The 3 per cent chrome-molybdenum, and the 6 per cent chrome- 
molybdenum lines have been extended only to 6000 psi. At 
pressures above 6000 psi and at high temperatures, information 
gleaned from reports of the technical oil missions covering war- 
time German experiences disclosed that both 3 per cent chrome- 
molybdenum, and 6 per cent chrome-molybdenum had to be forti- 
fied with other carbide formers, such as tungsten or vanadium, in 
order to make them hydrogen-resistant. The reference points 
for these steels are shown in the upper right-hand portion of the 
chart. Austenitic chrome-nickel steels could also have been 
used, but the was too for Germany's 
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economy to take care of the high chromium and nickel contents. 

The dashed lines at the tops of the hydrogen-attack curves 
indicate decarburization. This decarburization is not accom- 
panied by intergranular fissuring, and the steels exhibit ductile 
properties with slightly lower than normal tensile strength—in 
this respect behaving much like steels which have been decar- 
burized because of oxidation. 

It was mentioned earlier in this paper that other elements 
than chromium and molybdenum also produced a sufficiently 
stable carbide which rendered a steel immune to hydrogen dam- 
age. During this investigation an attempt was made to evaluate 
the long-time performance of titanium, vanadium, and molyb- 
plenum steels when their alloy-to-carbon ratios were in propor- 
tion to the amount required to form a stable carbide. For these 
experiments, sets of small test bars were installed in reaction 
chambers of several companies. Unfortunately, the majority 
of operating conditions involved the complicating presence of 
ammonia, and the bars became nitrided. However, from micro- 
examinations of the cores of these bars, it was indicated that 
steels would be free from hydrogen damage at extremely high 
pressures when the alloy-to-carbon contents were in the following 
proportions: 

Vanadium-to-carbon = 5.7 tol 
Molybdenum-to-carbon = between 30:1 and 60:1 


HypRoGEN SULPHIDE AND SULPHUR 


When other corrosives are in the process streams, the problem 
becomes more complicated, and additional measures may be 
required in order to fabricate apparatus which will be free from 
trouble. Our experience with sulphur is as follows: When sul- 
phur is present, either as the element or as hydrogen sulphide, 
it has the ability to corrode either carbon steel or low-chromium 
steel when the temperature rises above 675 F. Sulphur corrosion 
is a scaling process and the ultimate reaction product is a layer of 
iron sulphide. If this layer becomes hard and clings tightly to 
the steel, it offers some resistance to further corrosion. This ef- 
fect has been noted on transfer lines. However, in turbulent 
regions such as furnace piping and heat-exchanger tubes, the 
scale is jarred loose, with a consequent increase in corrosion. 

The corrosion rate rises in relation to the amount of the sulphur 
in the stream, but a definite recommendation cannot be made as 
to the amount of alloy required to resist a given attack. As an 
example of the difference in metal composition required for vary- 
ing sulphur contents, we might again refer to the heat exchangers 
shown in Fig. 5. Shell Oil Company had constructed two of 
these plants. In a plant on the West Coast which handles sweet 
crudes, the hot exchangers were made with 1 per cent chromium, 
0.5 per cent molybdenum tubing. After 4 years the tubing in the 
hot exchangers had become affected by sulphur corrosion to the 
extent that they had to be replaced. The use of 5 per cent 
chromium, 0.5 per cent molybdenum tubing was considered 
adequate as a nena material for a long life. 
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In a duplicate plant which had been erected in the Midwest 
and which was processing sour Texas crudes, it had been deemed 
advisable to construct the original tube bundles of 5 per cent 
chromium, 0.5 per cent molybdenum. These bundles failed 
after only 6 months in operation; and, for replacement tubing, 
18 per cent chromium, 8 per cent nickel was required. The 18-8 
tubing has now been in service for 4 years, and will probably be 
adequate. For complete resistance to sulphide attack, the high- 
alloyed steels, such as 12 per cent chromium or 18 per cent 
chromium, 8 per cent nickel, are required. These metals are 
frequently used as liner materials for reaction vessels and ex- 
changers. 


NITROGEN 


Where nitrogen is also present with the hydrogen gas, it has 
been found that nitriding begins at temperatures above 850 F 
in a Shell ammonia plant operating at 2140 psi. This nitriding 
is typified by a thin, hard, brittle layer, and it occurs on steels 
containing more than 2 per cent chromium. Austenitic stainless 
steels are similarly affected. Its effect has not been of too great 
a consequence as it consists of a thin, hard, brittle case which 
usually extends to a depth no greater than '/, in., even after 
prolonged exposure. Piping and heavy} forgings have never 
failed as a result of nitriding. 

However, a need exists for more information as to materials 
which will resist both hydrogen and nitrogen. Thin pieces of 
equipment such as expansion bellows, gaskets, heat-exchanger 
jackets, and the like, cannot operate with hard brittle layers 
present. Experiments are now in progress to determine the re- 
sistance to nitriding and hydrogen attack of high-nickel alloys 
such as Inconel, Hastelloys B and C, 15Cr“35Ni, and some of the 
special alloys developed during the war Tor high-temperature 
use in gas turbines. 

For protection against nitriding, an alloy containing 16 per cent 
chromium, 15 per cent nickel, 3 per cent silicon, and 0.4 per 
cent carbon has been reported as satisfactory at 950 F and 12,000 
psi. It is also understood that a high-nickel alloy containing 57 
per cent nickel, 12 per cent chromium, and 1.7 per cent tungsten is 
used for converters in the Claude process of synthesizing am- 
monia. The life varies between 2000 and 20,000 hr, copending 
upon the quality of the casting. 

Thrig* recently reported the results of nitriding tests on chro- 
mium and austenitic stainless steels after being exposed to hydre- 
gen-nitrogen mixtures at 13,000 to 15,000 psi, and at tempera- 
tures from 204 to 593 C. He concluded that although the aus- 
tenitic chromium-nickel steels are the best for use at high pres- 
sures of hydrogen and nitrogen, care should be taken in the de- 
sign of high-pressure vessels for such use, and advised that sam- 
ples should be taken periodically to determine whether attack 
has been progressive. 


* “Attack of Hydrogen-Nitrogen Mixtures on Steels,” by H. K. 
Ihrig, Industrial and Engineering Chemistry, vol. 41, 1949, pp. 2516- 
2521. 
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CarBon MonoxipE 


Another element not ordinarily considered to have any effect 
at low pressures, but which develops into a severe corrosive at 
high pressures in the presence of hydrogen, is carbon monoxide. 
This gas at ordinary pressures is inert t. most constructional 
materials even up to quite high temperatures. However, at high 
pressures, the corrosion is of such severity that special materials 
must be used, even though the temperature is quite low. While 
we have had no practical experience with carbon monoxide, the 
following relates the experiences in Germany. This summary 
was digested from several documents microfilmed by the Tech- 
nical Oil Mission, describing pilot- and commercial-plant opera- 
tions wherein carbon monoxide and hydrogen at high pressures 
were being handled. 

Fig. 7 summarizes pilot-plant data from sheets obtained from 
the I. G. Farbenindustrie Ammonia Works (1943 I) Merseburg. 
The analyses of the metals tested are shown in Table 2. In an 
effort to evaluate possible metals of construction for high-pressure 
units containing mixtures of carbon monoxide and hydrogen, the 
chart shown in Fig. 8 has been prepared from the data in Fig. 7. 

The tests were made in a 50/50 CO/H;, mixture at pressures of 
250 and 700 atm. An extremely severe corrosive condition was 
found to exist at both high and intermediate pressures at a tem- 
perature of 260 C (500 F). At this temperature mild steel 
corroded at rates up to 0.550 in. per year at 250 atm and 5.4 in. 
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per year at 700 atm. Above and below 500 F, the corrosion 
rate dropped off rapidly. In preparing the chart shown in Fig. 8 
it was considered that carbon monoxide was the only portion of 
the gas responsible for the corrosion, therefore the pressures are 
indicated as the partial pressure of carbon monoxide. 

A summary report covering the experiences gained from the 
commercial-plant operations in Ludwigshafen shows among 
other data that diffusion-galvanized N5 steel (5 per cent chro- 
mium) has proved very satisfactory in reactors. No change 
was observed on the galvanized surface after 310 days of opera- 
tion. The resistance to CO corrosion by galvanized steel, how- 
ever, was evident only up to 250 atm pressure, as tests at higher 
pressures of 700 atm showed a high corrosion rate when tem- 
peratures rose above 180 C (356 F). 

In their experimental work with high-chromium-stee] samples, 
these pieces showed a chromium-rich surface layer of great hard- 
ness due to the “diversion of iron into the carbonyls.” In case 
that this chromium-rich layer should prove to provide protection 
during the operations, it would be possible that V13F steel (13 per 
cent Cr), which showed great resistance to CO attack, could be 
utilized for the commercial operation. 

As a result of their tests it was concluded that carbon monoxide 
is very corrosive to ordinary constructional materials at high 
pressures when the temperature is between 300 F and 650 F. In 
this range, special metals must be used. 


STABILITY 


High-temperature stability will be required mainly to resist 
oxidation from furnace gases, hydrogen attack, and deformation 
from high stresses. It can be mentioned that from a survey of 
operating plants, most of the hydrogenation catalytic reactions 
occur at temperatures not over 600 C (1100 F). If such should 
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be the final limit, many steels are now made which are entirely 
suitable for resisting oxidation. However, as the 1100 F tem- 
perature is approached, strengths rapidly drop and with the high 
stresses developed by the high pressures, many materials are un- 
suitable because of the necessity for providing an unreasonably 
thick wall. For present plants, the austenitic steels suffice. 
In the future it may be possible to use some of the highly alloyed 
gas-turbine materials if they become available in tubular form. 


CONCLUSIONS 


1 In order to produce damage to the structure of carbon steel 
by hydrogen, both high pressures and high temperatures are re- 
quired. 

2 Carbon steel varies in its resistance to attack with the 
manufacturing methods; and, in order to build commercial 
plants, limits for this material should be at a level where steel in 
its average condition will be adequate. 

3 For protection against damage to steel by hydrogen, rela- 
tively small amounts of carbide-stabilizing elements are required. 

4 When other corrosives are present in the process streams, 
measures for protection against these elements should be taken 
in addition to those required for resistance to hydrogen damage. 
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Discussion 


G. D. Garpner.’ Mr. Nelson is to be congratulated for this 
welcome extension of his fine work on the study of metals for 
high-pressure hydrogenation plants. The readily usable form 
in which he has presented the information he has gleaned from so 
many otherwise unavailable sources is a distinct service. 

An earlier set of his curves showing practical limits for carbon 
and alloy steels in contact with hydrogen at high temperatures and 
pressures was used in selecting steels for the Coal Hydrogenation 
Demonstration Plant at Louisiana, Missouri. On the basis of his 
curves and available German reports, a limit of 375 F was set 
for the use of carbon steel. Also in agreement with his curves, 
steels for temperatures over 375 F were high-chromium and aus- 
tenitic stainless steels. 

As reported in papers presented at the Petroleum Mechanical 
Engineering Conference at Oklahoma City in 1949, high-pressure 
piping materials were divided into three temperature classifica- 
tions. For use below the 375 F limit for carbon steels MT-1040 


7 Metallurgist, Coal to Oil Demonstration Branch, Office of 
Synthetic Liquid Fuels, Bureau of Mines, Louisiana, Mo. 
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which could be heat-treated to give desired mechanical properties, 
was first chosen. Later AISI 4130 with somewhat better welda- 
bility and better hydrogen resistance was used for some applica- 
tions to permit comparison with the carbon steel. 

For the intermediate temperature range, between 375 F and 
850 F, a 9 per cent chromium, 1 per cent molybdenum steel was 
chosen. Although a lower chromium content would have been 
sufficient to prevent hydrogen attack the expected high hydrogen 
sulphide content and need for high mechanical properties dictated 
this higher alloy. 

For temperatures over 850 F the austenitic stainless steel 
AISI type-316 was used because of its higher creep strength 
although the 9 per cent chromium steel would have been satis- 
factorily hydrogen-resistant. 

The limited experience at the Hydrogenation Plant to date has 
substantiated the findings of Mr. Nelson. One section of carbon- 
steel piping has operated for several hundred hours near the top 
of the temperature range for carbon steels with at least 75 hr above 
the upper limit of 375 F. No hydrogen attack could be detected 
in a sample taken from this line. On the basis of the experience 
reported by Mr. Nelson, however, it may be that this single 
sample may not give sufficient information. 

The reference to the complicating effects of hydrogen sulphide 
and sulphur is well worth noting. Because some of the coals to be 
treated in the demonstration plant will be high in sulphur, the 
danger of sulphide attack is ever present. It is felt that the 
9 per cent chrome steel and the austenitic stainless steel used for 
temperatures over 375 F will adequately protect against such 
attack. It is hoped that information obtained from the further 
operation of the demonstration plant will furnish worth-while 
additions to the knowledge on metals for hydro- 
genation service. 


B. B. Morton.’ The writer has read with interest the paper 
by Mr. Nelson and feels that the industry is fortunate in having 
the information he provides. There seems to be a trend in both 
the chemical industry and in the petroleum industry toward an 
extended use of hydrogen at elevated temperatures and pressures. 
The problem of selecting material for these units will be greatly 
facilitated by Mr. Nelson’s contribution. 

Some years ago the writer was concerned with the attack of 
hydrogen and also hydrogen sulphide upon metals exposed to a 
hydrogen pressure of about 200 atm at various temperature 
levels. Some observations made at that time have been con- 
firmed by Mr. Nelson's findings. They are briefly outlined here 
for the purpose of emphasis. 

1 Carbon steel was attacked progressively with increasing 
temperature. The attack began at about 700 F and increased in 
both rate and intensity at temperature levels above this. 

2 Ni-Cr steel corresponding roughly to SAE 3320, was 
attacked at 900 F and above. Even when heavily decarburized, 
fissured, and sulphur-attacked, the steel retained a surprising 
amount of its original strength. 

3 Resistance of steel to hydrogen attack increased with the 
complexity of the carbide. For example, a steel with 4-6 per 
cent Cr, 0.5 per cent Mo, and 0.10 Va, was quite resistant to 
hydrogen attack under 200 atm pressure at 1000 F and at 70 
atm pressure at 1200 F. It was found more resistant than a steel 
of type 410 stainless to hydrogen attack but decidedly less resist- 
ant to sulphur attack. The resistance of type 410 to sulphur 
attack was not considered satisfactory under hy Grogenation con- 
ditions. 

4 A low-carbon Cr-V steel corresponding to about 6110 was 
particularly immune to hydrogen attack and performed excellent 


* International Nickel a New York, N.Y. Mem. ASME. 
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service as a “lens” in the high-pressure joint used in the hydro- 
genation units. These lenses operate at 800-1000 F. The sulphur 
attack was uniform and progressed at a very slow rate without 
marked penetration. 

5 The austenitic, Cr-Ni alloys such as type 304, were highly 
resistant to hydrogen attack and also to sulphur attack. This 
alloy becomes mechanically loaded with hydrogen which was 
reflected in specimens pulled at room temperature by reduction in 
ultimate strength of about 10,000 psi and a considerable loss in 
elongation. The specimens were quite notch-sensitive and would 
fail in the punch marks even if these were located in the shoulder. 
The properties could be largely restored by heating to 600 F and 
completely restored by heating to 1200 F. No difficulty was 
experienced during service from this loading and the material is 
probably one of the most satisfactory for use in connection with 
the hydrogenation of petroleum products where sulphur is a 
factor. 

The type 304 (18-8) which had been exposed in a hydrogena- 
tion unit became quite sensitive to intergranular corrosion and 
destruction could be brought about by moisture deposited from an 
inert gas. A treatment at the temperature of 1800 F restored 
the corrosion resistance of the exposed metal. 

6 Rather surprisingly, brass was quite resistant to hydrogen 
and to sulphur attack though no use was made of this alloy. 
It is considered that the zinc acted as the catalyst to provide pro- 
tection against the hydrogen sulphide. 


M. A. Scuer.? Mr. Nelson is to be congratulated for his re- 
search on the effect of hydrogen and nitrogen on metals for high- 
pressure high-temperature service. 

Fig. 4 shows valuable information for plate steel and forgings 
which have been in service for many years. We could add that 
our experience with weld metal used for carbon steel when sub- 
jected to hydrogenation has shown, in general, greater resistance 
to hydrogen embrittlement and decarburization than the carbon 
steel. 

Weld metal containing carbon 0.08 - 0.11 per cent, manganese 
0.35 — 0.45 per cent, silicon 0.15 — 0.25 per cent, sulphur and phos- 
phorus 0.03 per cent max, molybdenum 0.10 per cent max. is used 
with carbon steel of the following composition: carbon 0.20 - 
0.30 per cent, manganese 1.25 per cent max, silicon 0.30 per cent 
max., sulphur and phosphorus 0.05 per cent max. and has given 
satisfactory service. In fact, it has shown no tendency to em- 
brittle where the parent-stock carbon steel has been severely 
attacked from hydrogen. 

We were interested in Mr. Nelson’s comments on nitrogen above 
850 F at high pressures. In the catalyst basket of synthetic- 
ammonia converters it has been common practice to use the 
AISI 501 alloy (4-6 per cent Cr with '/, Moly). 

Recently we examined materials from a catalyst basket that 
had been in service about seven years. The highest temperature 
in the tubes was stated to be 1100 F. From our examination of 
several specimens obtained from this service we found the 5 per 
cent Cr alloy to be severely nitrided and embrittled. Fig. 9 of 
this discussion shows top, middle, and bottom cross sections of the 
inner and outer gas-cooling tubes. The mid-section of this tubing 
was most severely attacked and cracking generally started at the 
outside surface. Of interest are the stratified layers of nitrided 
material. It is evident that after the tube was nitrided to a cer- 
tain depth the volume change separated the case from the core 
with attendant radial cracking thus allowing a new layer under- 
neath to be nitrided. This process was repeated until several 
laminae formed. 


* Director of Metallurgical Research, A. O. Smith Corporation, 
Milwaukee, Wis. 
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AvuTHoR’s CLOSURE 

It is gratifying to have the excellent discussions by men familiar 
with the operation of high-pressure hydrogenation plants. The 
points that they bring out help not only to confirm the conclu- 
sions of this paper but also indicate directions in which further re- 
search must be pointed. 

In regard to Mr. Gardener's comments, there is no doubt but 
that some heats of carbon steel might be adequate at tempera- 
tures over 375 F at the high pressure of 800 atm. However, in 
view of the erratic results which we have found at the high tem- 
peratures with steels obtained from different suppliers, we would 
not exceed the limit of 430 F at this pressure for a long and con- 
tinued service. The use of carbon steel above this level would 
require constant inspection, and it would seem more advisable 
to rely on a small amount of alloy than to use carbon steel of 
questionable resistance. 

The second point brought out by Mr. Gardener to the effect 
that at temperatures between 375 F and 850 F, a 9 per cent 
chrome, 1 per cent molybdenum steel is used, is a wise decision 
because it not only produces a resistance to both hydrogen and 
sulphur attack but also has the effect of simplifying the number of 
spare parts. In other words, if the exact limits for the 1 per cent 
chrome through 6 per cent chrome steels had been decided upon, 
a wide variety of parts of varying analysis would of necessity have 
had to be stocked. 

Mr. Morton’s comments are helpful and, although his opera- 
tion of carbon steel at 700 F is somewhat higher than we have 
found in our experience, it may be that the samples were not ex- 

- posed long enough to create hydrogen damage. In his point 5, 
the embrittling effect of hydrogen on an otherwise resistant stain- 
less steel of the 18-8 variety brings up an interesting point. 
In discussions with operators of hydrogenation plants, they also 
pointed out that the 18-8 steels would lose some of their ductility 
after long exposure to hydrogen, but that this ductility was soon 
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restored after the plant cooled off. They reported no breakages 
during cooling-down operations, and cooled their hydrogenation 
plants at the same rate at which they cooled their other plants 
where hydrogen was not present. In regard to point 6, we have 
also used brass bundles for condensing equipment without any 
damage from hydrogen. 

Mr. Scheil’s contribution, disclosing the superior resistance of a 
weld metal containing a smal] amount of molybdenum, is a fur- 
ther confirmation of the extremely beneficial effects which can be 
produced by the addition of tiny amounts of the carbide-stabiliz- 
ing element, in this case being only 0.10 per cent molybdenum. 

His revelations regarding the failure of AISI 501 alloy (4-6 per 
cent Cr with '/; moly) in ammonia service presents an interesting 
problem. The temperature to which these tubes had been sub- 
jected was 1100 F, and, as evidenced by the photographs, they 
are severely embrittled and permanently damaged by the in- 
fluence of the nitrided areas. The temperature of 1100 F is con- 
siderably above our operating temperature of 900 F, and it is 
quite possible that the difference of 200 F is sufficient to ac- 
centuate drastically the nitriding condition. In the body of 
the paper it was mentioned that several high-nickel alloys were 
being experimented with to determine those which would re- 
sist both nitrogen and hydrogen. Since the paper was written, 
we have now obtained information on test samples of the 
Hastelloys and, after an exposure for about a year to a tempera- 
ture of 500 C and a pressure of 2840 psi in an ammonia catalyst 
chamber, the Hastelloys A, B, C, and D were found to be com- 
pletely unaffected by either hydrogen or nitrogen. 

A sample of nickel was also tested and, although it did not 
nitride, it was found completely cracked from hydrogen damage. 
Further checking of this sample revealed that it contained a smal! 
amount of carbon, and as such, probably reacted in a similar man- 
ner to low-carbon steel. Another sample of nickel is under test 
which is entirely free of carbon. 
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By MERLE NEWKIRK,' MIDLAND, MICH. 


The Dow Chemical Company has a number of plants in 
the United States and Canada for the manufacture of 
industrial and pharmaceutical chemicals and the pro- 
duction of magnesium metal. Their power plants 
supply process, high-pressure, low-pressure, and vacuum 
steam; electrical energy, compressed air, high and low- 
pressure water and stack gas. Several of the power plants 
are synchronized with public utilities. Power is pur- 
chased or sold depending upon the lecal conditions. This 
combination affords an opportunity to select and operate 
equipment beyond the scope of the average plant, and to 
put into use advanced ideas in power-plant design. 


Destrep Features Prior To Desicn 


HE need for more steam and power in the Midland Plant 
of the author’s company afforded the opportunity to in- 
stall a new turbine and steam generator in what is known as 
the West Side Plant. In discussing this addition with manage- 
ment, several features were requested in its operation, as follows: 


1 The elimination of objectionable fly ash. 

2 Efficiencies as good or better than had been accomplished 
in the past. 

3 Design the unit for absorption of heat and not for the con- 
venience of cleaning. Utilize small tube sizes disregarding the 
necessity of mechanical internal cleaning. 

4 Draining superheaters. 

5 Highly preheated air temperatures with corrosive section 
made small for ease and speed in replacement. 

6 Continuous operation on 100 per cent make-up feedwater 
with a minimum blowdown. 

7 The maximum continuous rating possible to install in the 
existing building. 

8 Substitution of blowers using clean atmospheric air, thereby 
eliminating the standard forced and induced-draft fans. 


Description OF APPARATUS 


The steam-generating unit, Figs. 1 and 2, has a rated capacity 
of 400,000 Ib of steam per hr, generating steam at 1250 psig and 
900 F, and fired with crushed, not pulverized, coal by two hori- 
zontal cyclone burners. The boiler unit has a total heating 
surface of 37,339 sq ft and a furnace volume of 24,900 cu ft. 

All air and fuel is admitted to the cyclone primary furnace, 
and the flame and products of combustion discharge through a 

conical opening into the secondary furnace, where they are di- 
rected downward by water-cooled reflecting tubes so that they 
sweep the molten slag on the secondary-furnace floor. The 
flame and gases then turn through a slag screen and pass upward 
through the secondary furnace to the convection section. In 
the convection section are located a continuous-tube draining- 
_ type superheater, the secondary section of the continuous tube 
economizer, and the boiler generating tube section. The gases 

1 Mansane, Power Division, The Dow Chemical Company. Mem. 
ASME. 

Contributed by the Power and Fuels Divisions and presented at 
the Semi-Annual Meeting, St. Louis, Mo., June 19-23, 1950, of Tue 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters on 
May 24,1950. Paper No. 50—-SA-38. 


turn through the convection section and continue their flow 
downward through the first gas pass of the secondary-air 
heater, over the primary economizer, then turn upward and 
pass through the second gas pass of the secondary-air heater, on 
through a welded flue to the primary-air heater and finally to the 
stack. 

The primary furnace is cylindrical, with its longitudinal axis set 
at a slight angle with the horizontal to facilitate gravity-draining 
of molten slag into the secondary furnace from which it is tapped 
through either of the two continuous slag taps, located one in 
each side wall of the secondary furnace, to an external slag cham- 
ber. 

All furnace waterwall circuits discharge into and are fed from 
the 60-in. drum. To insure positive natural circulation in this 
unit, two 2l-in. downcomers lead from each end of the main 
steam drum. These downcomers connect with the boiler circu- 
system, 

The furnace of this unit is designed to operate under pressure, 
and since there are no induced-draft fans, all combustion air is 
supplied to the burners by the forced-draft blowers. Each of 
these blowers, supplied by the Joy Manufacturing Company, is 
designed to deliver 52,500 cfm of air at 77 in. water pressure. 
Two blowers have sufficient capacity to furnish the necessary air 
to the boiler at maximum rating, one blower serving as stand-by. 
Each unit is driven by an 800-hp Elliott Company direct-con- 
nected motor. 

Removal of slag from the furnace is accomplished by an Allen- 
Sherman-Hoff Company “Hydrojet’”’ slag-handling system. The 
two slag spouts, located on opposite sides of the furnace, are en- 
closed by slag chambers mounted above storage hoppers. A 
water-sealed expansion joint is provided between the slag cham- 
bers and hoppers. A constant water level is maintained in the 
hoppers at all times for the disintegration of the slag. Slag is 
removed periodically by means of high-pressure water nozzles 
arranged to sweep the floor of the hoppers. The slag is washed 
through the hopper outlets into a common watertight chamber, 
and passes through a metering grinder into assump. The slag is 
transferred from the sump to the fill area by a Hydroseal pump. 


Unique Features or Tuese INsTaL ations Setrinc Tuem 
Apart From Orners 


Elimination of Objectionable Fly Ash. The fuel and ash are 
not ground to the fine particles that are necessary to get good 
combustion on a pulverized-coal installation. The coarze coal 
is brought into the feed section of the cyclone furnace in com- 
bination with heated air (approximately 250 F). This gives the 
larger particles of coal an opportunity to break up, and ignition 
takes place very close to the outlet of the coal-feed end. Here 
the coal meets the higher-temperature secondary combustion air 
of approximately 750 F. This induces very rapid combustion. 
As the products of combustion revolve around in the primary 
furnace, the heavier ash particles, such as clay, slate, and other 
elements that make up ash, are melted and adhere to the furnace 
walls in a manner similar to dust adhering to a surface coated 
with molasses. These screen tubes are studded and are covered 
with chrome ore, and when coated with molten slag act just like 
flypaper. The screens assist in catching the very small particles 
of ash that normally would be carried up into the unit. The 
molten ash in the cyclone furnace runs down the cites and out all 
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a small opening under the throat leading into the secondary fur- 
nace. A pool of molten ash collects in the secondary furnace over 
which the gases from the primary furnace must pass. The slag 
_ is continually tapped and there is no appreciable accumulation. 
The tube screen through which the flame passes in the secondary 
furnace is at a location opposite the throat of the cyclone, Be- 
hind the slag screens the gases are very clear, indicating that the 
eyclone is doing a good ash-collecting job. 
The air heaters were designed to assist in the dropping out of 
any dust, and provisions are made at the bottom of the second 
and third air heater to take out any deposits that may occur there. 
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To keep the unit free of any accumulation which might occur, 
the soot-blowing-system location has been carefully worked out. 
An “air puff” soot-blowing system, sequentially and automati- 
cally controlled, was chosen to accomplish this desired result. 
(It might be said here that soot as such has never been found.) 

One of the reasons for using the pressure-type furnace, is the 
belief that better fly-ash recovery within the unit is possible as 
the gases are slowed down progressively as they pass through the 
unit. This is the reverse to the operation when induced-draft 
fans are used. How well the design is functioning is shown in 
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Efficiencies. One of the basic ideas in the design of the cyclone 
unit was the possibility of creating one that would handle high- 
ash low-fusion-temperature coal. Furthermore, an efficiency 
approaching modern-day standards was necessary if the unit was 
to be economically feasible. A new conception in mechanical 
development was required to bring about the desired features 
such as, new insulators, new tube developments, new feeders—to 
mention a few of the characteristics needed. This required a 
new conception in the combustion field, a minimum of excess 
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air, efficient control, simple distribution of air for combustion 
a great deal more air at the point of combustion than had been 
thought possible before. 

The several] features in this unit that-create higher boiler effi- 
ciency are due to the following: 


(a) Low excess air, namely, 10 per cent, with a trace of smoke 
or CO at the furnace outlet. 

(b) Efficiency, the ultimate goal in the power field, has been 
extended in the cyclone boiler. It has been pushed up 2 per 
cent to 90.5 per cent in comparison with the company’s pulver- 
ized units, This is due to several reasons, but the predominant 
factor along with the low excess air is the carbon loss in the ash; 
this is | percent Pulverized units run from 7 to 30 per cent and 
stokers run from 20 to 50 per cent carbon loss. 

(c) The relatively clean absorption surfaces result in a very 
small loss from this standpoint. These surfaces are kept this 
way by simple soot blowers, rather than expensive deslagging 
equipment. Incidentally, the minimum in dust-collecting equip- 
ment is required. 

(d) A secondary group of reasons which help to raise this 
efficiency are the low power consumption relative to auxiliary 
equipment, and the fact that no mechanical circulation of water 
is required. 

Chemical Cleaning. Provision for mechanical cleaning com- 
plicates the design of a boiler, establishing limiting factors as 
to tube length, diameter, and shape. All tubes must be accessible 
for turbining, increasing the number of handhole plates in head- 
ers 

With the practicability of chemical cleaning definitely estab- 
lished, the design engineer is now free to concentrate on maxi- 
mum heat absorption and efficiency instead of the provisions 
for mechanical cleaning. 

The only provisions necessary for chemical cleaning of eyclone- 
furnace boilers are: 
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(a) An acid-filling and flushing connection on the bottom of 
each downcomer. 

(b) An acid-filling connection on the primary economizer- 
inlet header. 

(c) A hydrogen-gas vent from the steam drum through the 
roof, 


In order to chemically clean the economizers and not the 
boiler, an overflow connection was provided on each outlet 
header of the secondary economizer. Acid can be pumped into 
the primary-economizer inlet header, through this section, 
through the main boiler water piping, and into the secondary 
economizer. The gas can be vented from this section or the 
treating solution overflowed back to the treating equipment. 

The superheaters and attemperator also can be treated sepa- 
rately. Acid is pumped into the primary-superheater inlet 
header. The treating solution then follows the normal circula- 
tion path through this superheater, the attemperator, and the 
secondary superheater, where it is overflowed from the vent con- 
nection of the outlet header. 

The two cyclones and the secondary furnace can be treated as 
a unit by pumping acid into the connections in the bottom of each 
downcomer and filling to approximately the center line of the 
steam drum. The usual method of cleaning is to fill the boiler 
through the two downcomer connections and the economizer- 
inlet connection in the same manner. During the treatment, 
the gas is vented from the steam drum through the roof. 

The superheaters and attemperator were treated once for the 
removal of mill scale before initial operation. 

Self-Draining Superheater. We have experienced some diffi- 
culty with the top-supported, pendant-type superheater. The 
draining-type superheater lends itself better to chemical cleaning. 
The superheater is divided into two units with four headers, with 
loops in a vertical position. There are no pockets in the tubes 
in which accumulations can lodge. 

The saturated steam is taken from the main steam drum 
through multiple cyclone separators and led to the superheater 
header by tubes, distributing the flow both from the drum and to 
the superheater. The steam temperature is controlled by a 
series of tubes placed in the bottom drum, which is trade-named 
an “attemperator.”” Automatic controls govern the flow through 
the attemperator from the final steam temperature. No trouble 
has been experienced with this equipment and the control is very 
good.. 

Three-Section Air Preheater. There has been much discussion 
about corrosion at the low-temperature end of air preheaters 
To avoid such an expensive replacement and reduce the time 
of renewal, the air heater was divided into three sections. 

The low-temperature section or primary heater is so constructed 
that the tubes are short. 
unit. 


The small sections can be renewed as a 
With the low-temperature stack gas entering the tubes 
from the bottom and atmospheric-temperature air from the side, 
some condensation may take place in the tubes. If it does, with 
this type of arrangement, those sections or tubes can be replaced 
readily. Also, if trouble does develop, other metal can be used 
and the expense of a change will not be as great as if conventional 
designs were followed. Careful inspections have been made at 
each permissible opportunity and to date no excessive corrosion 
has been detected. boilers, aluminum tubes 
are used in the first rows to get additional information on cor- 
rosion. 

The secondary heater is divided into two sections for the fol- 
lowing reasons: 


In the two new 


(a) Shorter tubes 
(b) Better heat recovery—economizer installation. 
(c) To fit into space limitations. 
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(d) Provide a quiet gas turning chamber. 

(e) On pressurized setting to keep the sections small. 

(f) To get higher preheated air without subjecting the entire 
heater to high temperature. 


Continuous Operation on 100 Per Cent Make-Up Feedwater 
With a Minimum Blowdown. One of the basic ideas in develop- 
ing this type boiler was the saving of space. Therefore it was 
necessary to design a unit of intricately bent and assembled 
tubes, centered around a nucleus of one steam drum. Further- 
more, the cyclone furnace itself, with its helical-wound tubes, 
created a geometrical complication of mechanical assembly. 
Therefore the idea of using mechanical cleaning was eliminated. 
A boiler with small tubes which could be cleaned by chemical 
methods permitted an arrangement suitable to the various heat- 
absorbing surfaces which were desired. This indicated that a 
nearly perfect water supply would be required. 

One other factor was the requirement that these high-pressure 
boilers operate with 100 per cent make-up. Consequently, the 
water entering them had to be treated skillfully, The author's 
company solved the problem of silica removal and softening of 
the water by fluoride treatment and demineralization. Water 
treatment by this process has been very successful. Therefore 
it was decided that added capacity to supply the 100 per cent 
make-up for two similar units at the South Power Plant would be 
feasible. 

Blowdown is about 1'/: per cent from the unit now operating. 
Since it goes to a 400-psi boiler, measuring the water discharge 
is not necessary. Also, the constituents of the feedwater are too 
low in concentration to analyze accurately enough for boiler- 
eycle concentration calculations. The water from this de- 
mineralization plant shows a consistent silica content of less than 
0.5 ppm and the solids content of dissolved and suspended solids 
of 0.5 ppm. 

Maximum Continuous Rating. The building in which this unit 
is installed was already constructed, and column spacings could 
not be changed. The original spacing was for a production of 
150,000 Ib of 400 psi 750 F steam. Coal bunkers and other 
coal-handling equipment were installed. There was need for all 
the steam that could be produced in this space at 1250 psi 900 F. 

The cyclone-fired pressurized-furnace steam generator offered 
‘more than any other unit by approximately 25 per cent in floor 
area, 30 per cent in building volume, and 20 to 25 per cent in 
total weight. 

The normal continuous rating ef No. 13 is 400,000 Ib per hr at 
1250 psi, 900 F. This rating is easily maintained and, while its 

ultimate capacity has not been reached, it is expected to go to 
500,000 Ib per hr. This rating has to be maintained 24 hr per 
day, 7 days per week. 

Elimination of Induced Draft. Induced-draft fans always have 
been a continual source of trouble. To eliminate this, pressure 
blowers are used, handling only clean, atmospheric-temperature 
air. It eliminates the fine balance necessary when forced and 
induced-draft fans are run in combination. 

The efficiency of cold-air fans is a little better than when hot 
‘stack gases are handled. The erosion due to ash particles is 
eliminated. 

Axial-flow blowers are used, three to a unit. 
load. The third is a spare. 


Two carry the 


This combination has worked out very well. There has been 
no outage due to blowers. The only trouble has been with roller 

bearings and oil leakage, which, considering the newness of the 
design, is minor. 

Constant-speed motors operating at 1725 rpm are used, and 
the air flow is controlled by dampers. 

Some difficulty was expected in blowers, 


in parallel, but this has not been the case—they operate without 
hunting. 

The noise level is too high for comfort and a method of sup- 
pressing the high-pitch squeal will have to be found. We now 
know how to do this and steps are now being taken to correct 
this nuisance. 


OPERATING CHARACTERISTICS 


Cyclone operation is characterized by its simplicity and 
safety, which is generally unparalleled in other industria] appli- 
cations to the burning of fuels. 

In approaching the ignition of coal] in a cyclone furnace, the 
following general procedure is used, considering the normal 
methods for caring for pressure parts and firing rates. A gas or 
oil torch is first ignited. Once the lighter is on, the coal is fed to 
the cyclone. Ignition is established almost immediately despite 
the lack of a fluid slag coating on the cyclone walls. Normally, 
about '/, of full-rate air flow is the established rate for starting. 
However, no interruption in firing is necessary in the event that 
the air flow is too high or too low for the coal rate. Adjustments 
are simply made by the operator to obtain the balance desired. 
Ignition has never been lost in operating this unit to date, ex- 
cept through loss of coal feed. 

In hundreds of losses of coal feed, only puffs of a minor nature 
have been experienced. These have been due either to malfunc- 
tioning of the automatic gas igniters in which the gas torches sub- 
sequently ignited after a series of unsuccessful attempts not 
followed by purging, or coal feed being suddenly re-established 
with the feeder set for maximum output. Actually, this puffing 
would not then have been readily recognized, had the observation 
port in the front of the cyclone been closed. 

In the event of a coal-feed loss, it is possi ‘le to reignite a cyclone 
fire without an ignition torch. If the fires have been out up to 
1 min, ignition is normally re-established easily from the hot slag. 
It is possible to exceed this time, especially if the air flow has been 
reduced shortly after loss of ignition. 

With two-cyclone operation, balance of the cyclones with 
respect to excess air is probably the operating characteristic 
which requires the most skill. The instrument which permits 
the optimum balance of cyclones is the oxygen recorder. The 
best placement for these sampling probes in the unit has been 
found to be about 9 ft above the full stud area in the rear of the 
secondary furnace. After relocation of the sampling probe and 
modifying the deslagging spray at the inlet end of the probe, 
these instruments have still given intermittent and unsatisfactory 
operation. Up to the time that the oxygen recorders were made 
reasonably dependable, balance of the cyclones for various loads 
was accomplished chiefly as follows: 


1 Adjusting total air flow to parallel steam flow. 

2 Adjusting each cyclone feeder rpm to coincide with the 
proper total air-differential readings to each cyclone. 

3 Observation of fluidity of the slag from the cyclone slag 
tap and the secondary-furnace slag tap. 


Slag-fluidity overload ranges while firing coals having ash- 
softening temperatures (reducing atmosphere) of 2200 F are 
about as follows: With one cyclone in operation at 200,000 Ib of 
steam per hr at 10 to 15 per cent excess air, slag fluidity from the 
secondary slag tap generally approximates the condition ex- 
perienced with two eyclones operating at loads above 325,000 
Ib of steam per hr, that is, a minimum of attention is required at 
the taps. With two cyclones in operation at 300,000 Ib per hr, 
slag does not flow quite as freely from one or both secondary slag 
taps as it does with one cyclone in operation at 200,000 Ib per hr 
steam flow. However, with some attention, it is easy to main- 
tain a steady slag flow from the secondary slag taps. By the 
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same token, with one cyclone operating, unit loads ot 150,000 
Ib of steam per hr require some attention at the secondary slag 
taps. An absolute minimum load at which tapping from the 
secondary slag taps is impossible without constant attention has, 
to date, never been established. 

For several months a relatively even mixture of Clearfield and 
Pocahontas coals has been fired. The ash-softening tempera- 
ture of the Clearfield coal averages 2515 F, and the ash-softening 
temperature of the Pocahontas coal averages 2200 F. Slag is 
tapped continually from the secondary furnaces at loads of 340,- 
000, Ib per hr with a minimum of attention. Moderate attention 
was required for loads of 320,000 lb per hr with >xcess air of 15 
per cent and lower. No continuous runs were made during this 
period with one-cyclone operation. 

In order to maintain adequate cyclone air velocities, the fol- 
lowing generalizations are made for this installation: At unit 
loads of 200,000 Ib pe: hr with one cyclone in operation, optimum 
cyclone operational characteristics are had at 40 in. secondary-air 
pressure. At unit loads in the order of 350,000 lb per hr, with 
both cyclones in operation, optimum cyclone operational char- 
acteristics are obtained with around 43 in. of water pressure. 
Accountable for this difference is the variation in air tempera- 
tures to the cyclones with one and two-cyclone operation. 

There have been times, during successive on and off operation 
of the cyclones, due to failure of the coal feed, when pile-ups of 
slag and unburned carbon have been caused in the cyclones, 
thereby choking the primary slag taps. Naturally, this condi- 
tion impedes the best cyclone operation. On the other hand, it 
does not prevent successful unit operation. 


in a period of about Lhr. To accomplish this, the inboard seeond- 


ary-air (velocity) damper is closed to increase the velocity in the 


rear of the cyclone and to limit locally the quantity of air. This 
will maintain better ash fluidity in the vicinity of the tap. In 
addition to this, it has been found expedient to increase the air 


pressures to the cyclone several inches, in order to better aid the 


movement of slag. 

Within the secondary furnace the platen tubes have never 
been noted to have sufficient accumulations of 
to impede gas flow. 
ingly uniform. The fluid-slag region extends generally to 10 ft 
above the full stud area in the secondary furnace. The transi- 


molten slag 


tion is sharp, since above that elevation only a smattering of ad- 
From the generating tubes on, no | 


hesive slag has been found. 
hard ash accumulations have been noted. All popeorn accumula- 
tions on the superheater tubes are easily removed by means of the 
telescopic blowers in that zone. Most of the accumulation 
beyond the molten-slag transition zone is fly ash of an extremely 
fine consistency with little or no tendency to form a hard mass. 


Stack observations at extremely low excess-air conditions do— 


not show the characteristic dense black emission. As the excess 
air is decreased, the dust emissions gradually assume a golden- 
brown hue, and with further decreases in excess air, they become 
a dark-brown emission 


Dust-LoapinG Tests 

Dust-loading tests were taken both by the author’s company 
and the Babeock & Wilcox Company. The sampling points for 
these tests were near the base of the 11-ft-diam stack about 15 
ft above the primary-air-heater outlet. As a consequence of 
having to test out of doors, fly-ash tests were taken only at times 
during which weather conditions were acceptable for good test- 
ing. The author's company tests were made over approximately 
5-br periods at steady-load conditions with continuous s ,ot-blow- 
ing. The Babcock & Wilcox tests were taken over approxi- 
mately 2'/hr periods, during which no Pir, was done. 


It has generally been _ 
true that tapping from the primary slag tap can be re-established | 


Slag formation, instead, has been surpris-— 
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In each case, 30 points across the stack were sampled. Sundry 
60 and 30-point Pitot-tube probes for the unit loads tested indi- 
cated a relatively uniform velocity distribution across the stack. 
The velocity patterns for the 60 and 30-point probes were sub- 
stantially the same. 

Tests taken with coal-feed interruptions or unusual load 
changes were not considered representative of the tests taken for 
which the preceding conditions prevailed. A plot of the results 
is shown in Fig. 3. The average unit condition for the tests was 
365,000 Ib of steam per hr from the range of 345,000 to 400,000 
Ib steam flow. 

For the Dow tests, several screenings and particle-size counts 
were made by the Dow laboratories. An example of a Dow test 
with a dust loading of 517 grains per 1000 cu ft of flue gas will 
be given later. 


Coat-Frep 


Inability to get continuous feed of coal to this unit has been a 
factor which had caused rather intermittent operation. As has 
been explained previously, coal is fed from a parabolic bunker 
directly into coal seales which discharge into a 5-ft hopper. 
The coal is fed from here to the inlet end of the screw conveyers. 
The screw conveyers are 17'/, ft long with 9 in. pitch for one 
half of the screw length. The diameter of the screws is 9°/, in. 
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Coal is conveyed up a 26-deg slope to the coal conditioner. Coal- 
feeding difficulties initially resulted from a combination of the 
following: 


1 Sizing and moisture content of coal delivered to the screw. 

2 Lack of coal-storage capacity between the screws and the 
coal scales. 

3 Primary-air blowback through the screws with loss of coal 
feed. 


During initial operation, Poeahontas coal was fired, the raw 
coal having relative sizing as given in Table 1. 

This coal sizing, along with surface moisture content in the 
order of 7 per cent, consistently held up coal in the bunker, the 
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TABLE 1 SIZING OF POCAHONTAS COAL 


wel? 


The storage capacity in the screw-inlet hopper was then less than 
1 min. The air pressure in the conditioner at the discharge end 
of the screws usually was about 44 in. of water. Hence coal 
hang-ups or failure of the screws to carry nearly full flights of 
coal resulted in blowback through the scales. This generally 
‘meant that primary-air pressures had to be reduced to the order 
of 20 to 30 in. until coal feed was re-established. During this 
time, that cyclone was out of operation. 

Subsequent operaticn met with a greater degree of success, in 
that Piney Fork coal of different sizing (Table 2) was purchased 
for the unit. 


TABLE 2 SIZING OF PINEY FORK COAL 


Per cent 

Screen size through 

4 66.0 

6 54.3 


Hence the foregoing coal-feed problems were minimized. To 
improve further the coal-feed condition, the use of the scales was 
discontinued. The hopper above the screw inlet was redesigned. 
Adjustments were made at the inlet end of the screw conveyers 
nd at the screw housings. Although continuity of feed has 

_ become a minor problem, chiefly due to firing coals of requisite 
sizing, the use of screw conveyers is not a final answer in feeding 
coal to pressurized cyclone furnaces. The fact remains that, 
once coal feed is lost, the screws offer no air-pressure seal against 
the primary air, with the consequent blowback of air through the 
screws. This condition ordinarily makes the re-establishment of 
coal feed a longer process than should be the case. 

Cycione-TuBE 

The major cause of tube failure in the cyclone has been due to 
the up and down firing brought about by numerous interruptions 
of coal feed. This intermittent operation causes a wide varia- 
tion in temperature which results in expansion and contraction 
of the cyclone. Consequently, the slag cracks and peels off 
leaving parts of the throat and the cyclone tubes bare. Since 
the heat release in the cyclone burver itself is very great (545,000 
Btu per cu ft per hr) extreme-heat transfer is effected in this 
localized area. The high temperature damages the protective 
film of iron oxide which, under favorable conditions, covers the 
inside of the tube. Any condition which damages the protective 
film permits corrosion to continue. It is this repetitive process 
of forming an iron-oxide coating that robs the iron from the tubes. 
When this happens to a limited area, or areas, the attack will be 
localized and eventually will result in tube failure. Fig. 5 shows 
the location of leaks in the right-hand cyclone throat. Fig. 6 
shows the area of tube failure in the left-hand cyclone. The 
area affected in the right-hand cyclone is in the same relative 
location. 


Battey Wear 


The difficulty encountered in Bailey block wear on No. 13 
boiler has resulted from numerous causes which can be, and are 


being, corrected. Since the blocks are subjected to a high tem- 
perature, the failure has been due to burning rather than erosion. 
In order to correct this burning, the blocks are now being made 
of a higher-temperature-resistant alloy. The blocks are being 
welded to the tubes, giving a better heat transfer between block 
and tube, thereby taking advantage of the cooling effect of the 
water. It also keeps fuel particles from getting under the block 
which add to the burning. 

The bottom blocks in the outer row of the cyclone have ex- 
perienced the greatest amount of burning. This, in a large 
part, is due to the high-temperature slag which drips adjacent 
to these blocks. This being the area traversed by the heavy 
stream of coal leaving the primary burner and entering the cy- 
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chone, there is an obvious indication of coke deposit which is being 
partially corrected with tertiary air. Again, the condition of the 
coal has some bearing on the amount of tertiary air used, Figs. 
8. 


Taps anp Asn Prrs 


Maintenance of ash fluidity at the cyclone-burner tap is one 
of the most exacting of all operating considerations in the hori- 
zontal eyclone-firing method. Due to the relatively large 
amount of slag and the temperature at which it must be main- 
tained in removal from the secondary furnace, the mechanical 
requirements necessary dictate a rather expensive installation, 
Fig. 9. The two systems, namely, the one on No. 13 boiler 
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and those on No. 14 and No. 15 boilers, are quite similar in opera- 
tion, but the ash-ejection system has been improved greatly in 
the latter two units. 

The slag is discharged from the secondary furnace to a slag 
chamber on each side of the furnace. Here it is swept by a stream 
of hot gases, maintaining a liquefied state, to the point where the 


Arc Showing Spreod of 


Boiltey Block 
Tube Foilures in Cyclones / 


Typrce! Block Weer 
Pattern 


FRONT VIEW 


Biock worn, Burned or missing olfogether thereby 
needing replacement > 


Biock usually eroded to follow contour in tine with 
toss of Diock on outer edges Block not needing 
repiocement 


Fic. 7 Sxketcn SHowine Baitey 

AppuicaBLe To Lert-Hanp Cycione Has 

Autways Hap Some Wear Arcs SHown, BuT Far From Macni- 
tupe Expertencep With Lert-Hanp Cycione 


/ 40 Foilures Occur- 
e¢ in This Area 
7? Prior To 3719 

\ Exect Locotions 


) Not Recorded 


VIEW FROM INSIDE CYCLONE 
LOOKING AT ENTRANCE CONE 
Cast iron 
Alloy 
Alloy 
Alloy 
Alloy 


49 
49 


Locations or BarLey BLock 131 


ash is deposited in circulated coo) water throégh a water screen 
which expedites the diffraction. The slag is distributed by pro- 
peller agitation to three hopper bottoms. An improvement in the 
installation of No. 14 and No. 15 boilers in the distribution of 
the ash has been brought about by the addition of a distribution 
nozzle in the center hopper bottom. The ejection of the ash is by 
oscillating hydrojets with upstream hydrojets to help. The ash 
is ejected through a water-operated slide gate on No. 13 unit di- 
rectly to grinder—to sump-—to ash pump—to fill. In the new 
units it is deposited through a pressure door to a sluiceway— 
to an ash pit for deposition. 


— installed between the slag chamber and the hopper. 


electrical controls. 


Brock Wear, 


FEBRUARY, 1951 


from slag tap to ash pump. No. 14 and No. 15 units incorporate 
a small hopper bottom with a hydraulically operated “Ni- 
Resist” slide gate between the upper slag chamber and the hopper 
bottoms. It has been found necessary in the operation of No. 
13 boiler to reduce the water level to a minimum or zero before 
the ash can be removed effectively. However, it was originally 
planned to hydrojet the ashes under a water seal. Due to the 
fact that the system is sealed and the hot gases are discharged at 


all times to the primary-eeonomizer section of the boiler, and the 


fact that all parts of the system are insulated with monolithic 
refractory, no apparent damage has been caused by reducing 


the water to zero. 


Make-up water in the quantity of 150 gpm is introduced into 
a vented pan on the slag-chamber roof and overflows over a ser- 
rated weir into the jacket surrounding the sides. Circulation is 
maintained by bleed-off nipples in the bottom. The overflow 
from the water jacket drains through a sealed expansion joint 
The seal 
is designed for a positive pressure of 15 in. of water. It should 
be pointed out that the slag chambers are attached directly to 


_ the furnace walls and enclose the slag spouts, while the hoppers 


are mounted on the basement floor, thereby necessitating the 
seal. The make-up during operation is approximately 650 gpm, 
and during ash-ejection periods is 1800 gpm. Both systems are 
equipped with similar grinders and pumps along with alarms 
However, the south installation is so 
designed that the water level rather than being maintained by 
float level is corrected by adjustment of a weir box. Other im- 
provements such enlargement, washing 
facilities for the observation ports, and interlocks relative to the 
water level, Ni-Resist gate, and the pressure-sealed doors have 
been incorporated to create the proper operation on the part of 
the personnel. 

It has been found that the operation of all cyclone units, with 
high-volatile coal and low ash-fusion temperatures and moder- 
ately uniform sizing, has been accomplished with relative ease. 
Experience with other coals has indicated the necessity for rigid 
control, particularly when firing coals of higher ash-fusion tem- 
peratures. In the use of Pocahontas coal, an excess air of 8 per 
cent must be maintained or the tapping from the secondary cham- 
ber will be interrupted. Therefore the unit appears applicable 
to fuels of low ash fusion. 


as observation-port 
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In this unit it is possible to burn a wide variety of coals, which 
gives the advantage of shopping for coal on a cheaper cost per 
Btu basis. About 15 different kinds of ‘coal have been used 
successfully. As long as it contains 30 per cent of */,in. down to 
0 in. principally due to feeding, it is possible to handle it suc- 
cessfully. 

Table 3 lists some of the coals which have been burned suc- 
cessfully 


A Berrer STEAM GENERATOR 


Experience with the cyclone-fired pressurized setting leads to 
the belief that radical improvements can be made on the present 
coal-fired steam generators: 


1 Coal need not be pulverized, and those coals which have 
been uneconomical to prepare can now be handled successfully. 

2 With clean combustion, the heat-absorbing surfaces can be 
arranged more effectively. 

3 Superheaters can be placed among the generating tubes, 
making them smaller and more easily dedusted. 

4 The entire structure of the unit can be arranged for bottom 
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Fig. 9 
West Virginia 


TABLE3 COALS USED SUCCESSFULLY 

Pennsylvania 

Pocahontas L. Amos 
Pursglove re 2 Morgan (Snowshoe) 
Jane Lew : - 3 DuBois & McHaffey 
Birchard 4 Central West 


CL. Amos 


Illinois 
Contral West 1 Old Ben 
Pittsburgh Consolidation 


Youghiogheny & Ohio 
M. ro Hobart : 1 Cleveland Cliffs 


Fusion, deg F 
Ash, per cent 
Moisture, per cent 
Volatile, per cent 


20 to 39 
Btu content J 


From 8000 to 138000 
as received 


5 Of most importance is the application of a hot-air turbine 
to supply air for combustion. 

6 Circular form lends itself readily to ease of construction 
and semioutdoor installations. 

7 Opposed tiring will simplify the ash disposal. 


Coat-PREPARATION PLANT AND Wuy 


One predominant and distinct advantage of the cyclone boiler 
is its ability to burn crushed or “conditioned” coal rather than 
pulverized fuel. This is true—it will use fuel of this nature. 
Not only that but several other advantages are apparent, namely, 
much less work is required on the coal before burning. The ex- 
pensive pulverizer and its accompanying maintenance cost are 
no longer necessary. The work of the crusher used in the direct- 
fired method is nil, as the cyclone requires coal only sized to '/, 
in., i.e., such that 90 per cent will pass through a No. 4 screen. 
Furthermore, it should be pointed out, experience indicates that 


coals of larger diameters may be burned successfully, resulting in 
a further reduction in work. 

The coal-preparation plant is shown in Fig. 10. The coal for 
the power plant is moved by a fireless locomotive from a siding 
(after a track-weight station) to a gas-fired thawing pit. From 
the pit the coal moves to a track-hopper unloading station en- 
closed in a building. From the unloading station the coal is 
fed from the track hoppers by reciprocating feeders to a belt con- 
veyer. This discharges the coal to a Bradford breaker for sizing, 
to a feeder, then to a belt conveyer which conveys the coal to a 
transfer tower, to an elevating belt conveyer, to twin silos. The 
coal is fed out of the silos through a roto-drier to a vibrating 
screen and crusher, and is then transported to the power-plant 
bunkers. 

Hot air for the drying system is developed by a furnace 
equipped with a rotary stoker. Air is transported from the fur- 
nace through the drier by a Claridge fan and is discharged 
through an Aertee cleaner and an induced fan. The plant is 
equipped with a water curtain Roto Clone to collect coal dust at 
all apparatus and dispose of it. Arrangement is provided to 
transfer the coal from either silo to the other. Also, coal may be 
transported from the point of interception by the Bradford 
breaker to an outside storage area and returned to the plant by 
bulldozer ona LeTourneau carrier to a receiving pit. 


Discussion 
W. H. Rowanp.? Sometime back it became apparent that 
fuel costs were on the rise along with other things and that the 
trend probably would continue for some time to come. To help 


? Chief Engineer, The Babcock & Wilcox Company, New York, 
N.Y. Mem. ASME. 
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offset this trend, higher steam temperatures and reheat were 
ad >pte.l by several in the power industry in their expansion 
programs 

In searching for other means of improving cycle efficiency, the 
author, his colleagues, and others in the power industry decided 
that the elimination of the induced-draft fan and operation of the 
boiler under pressure from the forced-draft fan also offered a 
substantial gain in efficiency in the order of 1 per cent. About 
1/, per cent is due to the elimination of air leakage and another 
equivalent '/, per cent is due to the power reduction in handling 
cold air only and a smaller quantity of it. 

There was some risk involved, of course, from a reliability point 
of view in being able to build a casing which would be gastight 
over the large areas involved in a central-station boiler. The 
author and his colleagues deserve credit in being willing to take 
this risk and thus obtain the savings in first cost outlined. 

The writer does not believe that reliability has been affected 
thus far by the omission of the induced-draft fan. 

We all realized that the general type of casing and all of the 
details both in design and construction required careful attention 
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for it to be satisfactory in service. After considerable study it 
was decided to use the “skin” type of casing right against the 
pressure parts which had proved satisfactory on earlier smaller 
units. This offered the following advantages compared with 
the conventional steel-cased construction: 

Insurance against gas by-passing and hot spots. 

Casing temperature above the dew point of the sulphur-bearing 
gases to prevent corrosion. 

Insulation kept away from the sulphur-bearing gases to pre- 
vent deterioration. 

Differential expansion between casing and pressure parts mini- 
mized, which simplified the sealing of terminals, and so forth. 

In addition to the units described, there are three similarly 
designed central-station units in operation and nine others under 
construction. Undoubtedly there will be further refinements in 
design as additional experience is gained. 

We agree that operating experience with the system justifies 
pressurized operation from the standpoint of reliability and cost 
saving, and are confident that it will find increasing use in the 
power field. 
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ASME sponsorship are evidence by which its professional! standing 
and leadership are judged. It follows, therefore, that to qualify 
for ASME sponsorship, a paper must not only present suitable 
subject matter, but it must be well written and conform to recog- 
nized standards of good English and literary style. 
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